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ABSTRACT
M aize genotype differences in aflatoxin production w ere observed
w hen kernels of resistant GT-MAS:gk and thirteen susceptible commercial
hybrids w ere inoculated w ith Aspergillus flavus using a laboratory kernel
screening assay. GT-MAS:gk supported the lowest levels of aflatoxin in both
intact and endosperm -w ounded kernels. Treating intact kernels w ith KOH
effected substantial increases in aflatoxin accum ulation in GT-MAS:gk, but
only m arginal increases in Pioneer 3154. Rem oving wax from the surface of
GT-MAS:gk kernels greatly increased aflatoxin accumulation. These results
indicated that GT-MAS:gk resistance was associated w ith an intact pericarp
(wax and cutin layers), acting as a physical barrier, along w ith internal
biochemical factors.
Kernels of GT-MAS:gk and Pioneer 3154 w ere tested for resistance to
aflatoxin accum ulation by A. flavus u n d er different relative hum idities
(RH). Resistance in GT-MAS:gk w as consistent across all RH levels.
Preincubation at 100% RH for three days increased germ ination. In
germ inated kernels, aflatoxin levels decreased m arkedly in Pioneer 3154 but
not GT-MAS:gk. W hen eight susceptible hybrids w ere evaluated under
preincubation conditions, seven supported significantly low er aflatoxin
levels than kernels not subjected to preincubation. Data suggested that an
inhibitor of aflatoxin biosynthesis m ay be induced during kernel
germ ination process.
A. flavus can utilize cutin as sole carbon source, which suggests
production of extracellular cutinase in vitro. This production w as optim al
at pH 8.0. Two esterases (cutinases) (36 kD and 22-23 kD) w ere isolated from
A. flavus liquid cultures. Treatm ents w ith exogenous cutinase or DFP, an
fungal cutinase inhibitor, m arkedly increased or decreased aflatoxin
x

production, respectively. Results suggested that A. flavus produces cutinase
and that this enzym e m ay play an im portant role in pathogenicity of A.
flavus .
Studies dem onstrated that GT-MAS:gk kernels have m ore surface
wax than do susceptible hybrids, and that this wax has antifungal activity
against A. flavus. Wax from GT-MAS:gk kernels had a unique com ponent,
visualized using thin layer chrom atography. This com ponent w as purified
and exam ined using gas chrom atography and m ass spectrom etry. A peak
was identified that was absent in other genotypes. This com pound m ay be a
triterpenoid.

CHAPTER 1

INTRODUCTION/LITERATURE REVIEW

1

2
LITERATURE REVIEW
Contam ination of food and feed grains w ith aflatoxins, the secondary
m etabolites produced by the fungi Aspergillus flavus Link:Fr. and A .
parasiticus Speare, is recognized to be a potential health hazard (1-5,1-16).
Preharvest (in field) and postharvest (in storage, during processing)
contam ination of corn (Zea mays L.) w ith aflatoxin is a recurrent problem in
the southeastern United States, b u t occasional serious aflatoxin problem s
also occur in the m idw est corn belt (1-11). Aflatoxins are recognized as
potent hepatotoxins and carcinogens, and can cause m ortality in or reduce
the productivity of farm anim als (1-40). Aflatoxin contam inated foodstuffs
also have been associated with increased incidence of liver cancer in
h um ans (1-18).
A. flavus and A. parasiticus are closely related fungi that are
distributed w orldw ide in air and soils and m ay colonize and contam inate
corn (1-10), peanuts (1-13), cottonseed (1-39), tree nuts (1-8), and other crops
(1-43). A. parasiticus appears to be adapted to a soil environm ent, being
prom inent in peanuts, w hereas, A. flavus seems adapted to the aerial and
foliar environm ent, being dom inant in corn, cottonseed, and tree nuts (111). Aflatoxins are produced only by A. fla m s and A. parasiticus. A. flavus
typically produces aflatoxin BI and B2 (B = blue fluorescence), w hereas A .
parasiticus isolates produce aflatoxin G1 and G2 (G = green fluorescence) as
well as BI and B2. Aflatoxin BI is the m ost potent naturally occurring
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carcinogenic substance know n (1-42). It causes liver dam age to m ost
dom estic and experim ental anim als and hum ans (1-4).
Corn is im portant in the grain and livestock economy of the
southeastern U nited States. Approxim ately one-half of the com grow n in
the area is sold, and the rem ainder is used on-farm. It is the m ajor feed
ingredient for livestock and poultry production, which has been expanding
rapidly in the southeast (1-33). Livestock and poultry now account for about
45% of cash farm receipts in the southeast com pared w ith 31% in 1950 (1-33).
In recent years, grain infection by A. flavus and subsequent aflatoxin
contam ination have become serious problem s in the corn-producing
regions. The economic im pact from yield loss is not very large, but A.
flavus contam inates the grain w ith aflatoxin. Fungal toxins reduce the
value of grain as an anim al feed and as an export com m odity (1-33).
On ears in the field, A. flavus grow s on kernels dam aged by insects or
birds. These dam aged kernels can become contam inated w ith substantial
quantities of aflatoxin (i.e., as m uch as 300,000-600,000 ppb [parts per billion
of kernel dry weight]) (1-45). Aflatoxin also accumulates to levels as high as
r

4,000 ppb in adjacent intact kernels. Very few aflatoxin-contam inated
kernels are required to contam inate bulk grain w ith m ore than 20 ppb
aflatoxin. The U. S. Food and Drug A dm inistration (FDA) prohibits
interstate commerce of feed grain containing m ore than 20 ppb aflatoxin and
prohibits the sale of milk containing m ore than 0.5 ppb aflatoxin.
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Any strategy that reduces aflatoxin contam ination in corn will result
in a safer and m ore valuable food supply for hum ans and feed for animals.
Plant pathologists and corn breeders have been w orking to identify corn
genotypes w ith substantial resistance to aflatoxin contam ination. Early
studies show ed that the production of aflatoxin by A. flavus on different
food and feed grains varies widely (1-12,1-30,1-31,1-34). Varietal differences
in aflatoxin production have been observed in peanuts (1-34) and corn (1-30,
1-46). Such w ide variation in aflatoxin production in different varieties of
the sam e crop could lead to the identification of varieties which support low
aflatoxin production. The elucidation of the precise physical or chemical
nature of factors responsible for varietal differences in susceptibility to
aflatoxin production will help plant geneticists to breed strains w ith such
desirable characteristics.
Since the first dem onstration of corn contam ination w ith aflatoxin in
preharvest corn fields by Anderson et al (1-1), an effort has been m ade to
identify corn genotypes that have resistance to infection by A. flavus and
aflatoxin production. Differences in aflatoxin production am ong genotypes
have been dem onstrated (1-14,1-15,1-21,1-25,1-46,1-48,1-57). How ever, it
is difficult to find reports of reproducible results across environm ents (1-48,
1-49, 1-54).

The reasons for this m ay include non-uniform procedures and

environm ents that frequently are used in the field tests.
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Resistance to contam ination by aflatoxin is influenced by stress on the
plant and general adaptation of the genotypes being tested. Plant stress, such
as that caused by drought and high tem peratures during the silk to late
dough stages of kernel m aturity, has been associated w ith increased levels of
aflatoxin in preharvest corn (1-19, 1-20, 1-44, 1-56). A. flavus colonization
and aflatoxin production are m ost pronounced in kernels w ith dam aged
pericarps (1-38,1-56). Artificial w ounding was as effective as insect injury in
increasing aflatoxin levels (1-22). C om genotypes varied significantly in the
am ount of aflatoxin produced after natural or artificial inoculation w ith A.
flavus. Zuber et al. (1-55) suggested that aflatoxin BI form ation in several
single-cross hybrids was genetically controlled (1-14). M anwiller and
Fortnum (1-26) show ed significant differences in preharvest aflatoxin
production am ong commercial hybrids. Similar studies by other researchers
show ed significant differences in aflatoxin production betw een hybrids
w ithin a specific location b u t failed to show repeatability betw een locations,
suggesting a strong environm ental effect on A. flavus infection and
aflatoxin production (1-49). In a later study, how ever, W idstrom et al. (1-46)
reported that the genotype GT-MAS:gk consistently show ed resistance with
less aflatoxin contam ination in four field experim ents and three laboratory
experim ents during a 5-yr period. GT-MAS:gk w as selected from the
original ear based on the fungus-free appearance of kernels. O ther factors
that influence A. flavus infection and aflatoxin production include insect
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dam age (1-41), inoculation procedures (1-22, 1-47), and environm ental
effects (1-44). M ost of these factors can not be elim inated or adequately
controlled, but their effects on the plant resistance reaction can be assum ed
to be nearly equal on different genotypes tested in each experim ent, so that
differences betw een genotypes m ay be attributed to inherited p lant resistance
m ech anism s.
In view of the im portance of the genetic approach for the prevention
of aflatoxin accum ulation in corn, an attem pt was m ade to evaluate corn
genotypes for resistance to aflatoxin production, and to identify and study
the m echanism s of resistance. The corn genotype, GT-MAS: gk, show ed
reduced levels of aflatoxin production both in the field and laboratory tests
(1-3, 1-46), b u t the m echanisms of resistance associated w ith GT-MAS: gk
w ere unclear. Brown et al. (1-3) dem onstrated that dam aging the em bryo of
corn kernels resulted in great increased aflatoxin levels in resistant genotype
GT-MAS:gk.
Studies have dem onstrated that the p lant cuticle provides a
protective covering for plants, which helps prevent invasion by pathogens
(1-17, 1-23, 1-27). The structure of corn kernels has been studied extensively
(1-50, 1-51,1-52, 1-53). The outer layers of corn kernels are com posed of (i)
the pericarp, (ii) the actual seed coat (aleurone layer) and (iii) the hilary
layer. This m ulti-layered coating encloses the starchy endosperm w hose
outerm ost p a rt contains proteinaceous inclusions and is called the aleurone
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layer. The outer surface of the kernels is form ed by a layer of epiderm al cells
w hich has been identified as a cuticle, because it can be stained w ith Sudan
IV (1-51). The pericarp is the outerm ost layer of com kernels and is m ade up
of several layers of cells that differ in their degree of degradation and cell
wall thickness (1-51). It affords considerable protection against invasion of
the kernel by pathogens (1-51). Because of its unique properties and
fundam ental protective role as the barrier betw een the plant and its
environm ent, the physical and chemical constitution of this structure has
been extensively investigated. However, the relationship betw een the corn
pericarp and infection by A. flavus has not been investigated.
To aid in penetration, m any pathogens secrete an extracellular
cutinase which hydrolyzes cutin, a polyester of Q ^ - to Q 8-length
hydroxyfatty acids (1-2,1-24,1-28,1-29). Necholson et al. (1-32) reported that
transitory esterase activity was detectable only during the early stages of
infection of apple leaves by Venturia inaequalis (1-32). A. flavus is know n
to produce pectinases in culture and in infected cotton bolls (1-6,1-7,1-9).
Enzym es such as cutinases and pectinases m ay be im portant determ inants of
pathogenicity. The question of w hether A. flavus can infect developing
kernels in the absence of insect dam age in the field through production of
extracellular cutinase has not been investigated. It has also been speculated
that fatty acids liberated from cutin by the action of the enzym e w ould
suppress the grow th of the invading fungus (1-27). Furtherm ore, the
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fungi toxic action of fatty acids derived from hydrolyzed cutin w as taken as
evidence against an enzym atic penetration of the cuticle. One of the
questions being exam ined in this dissertation is the relationship of the
cuticle and resistance of corn genotypes against infection and aflatoxin
production, the chemical composition of the surface waxes of corn kernels
and w hether any antifungal activity exists in the wax or its degradation
products (1-35,1-36,1-37).
The m ain goals of this study were to characterize corn genotype GTMAS:gk resistance to A. flavus infection and aflatoxin production, and to
stu d y the m echanism s involved in this resistance.
OBJECTIVES
O bjective A: To dem onstrate if differences in aflatoxin production among
corn genotypes exist and to study the implications for potential m echanisms
of resistance.
O bjective B: To study the role of the pericarp in corn kernels as a physical
barrier to invasion by A. flavus and to subsequent aflatoxin production.
O bjective C: To determ ine the effect of relative hum idity on A, flavus
grow th and aflatoxin production.
O bjective D: To study cutinase production by A. flavus and to understand
its relationship to pathogenicity of the fungus.
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O bjective E: To see if differences occur in constituents of wax between
resistant and susceptible corn genotypes and to determ ine if antifungal
activity can be associated w ith kernel waxes.
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INTRODUCTION
Contam ination of food and feed grains w ith aflatoxins, which are
secondary m etabolites produced by the fungi Aspergillus flavus LinktFr. and
A. parasiticus Speare, is recognized as a potential hum an health hazard (215). These com pounds can cause m ortality or reduced productivity in farm
anim als (2-34) and have been associated w ith increased incidence of liver
cancer in hum ans (2-7, 2-19).
M aize (Zea mays L.) is an im portant crop in the grain and livestock
economy of the U nited States. Grain colonization by A. flavus and
subsequent aflatoxin contam ination are chronic problem s in the
southeastern U nited States and occur periodically in the m idw estern states
(2-13). Actual loss of grain yield due to this fungus is m inim al, but
contam ination w ith fungal toxins reduces the value of grain in both
national and international m arkets (2-30). Historically, aflatoxin
contam ination has been treated as a postharvest storage problem until
A nderson et al. (2 - 1) first reported this as a problem in preharvest m aize in
1975. Since then, m aize genotypes have been screened extensively for
resistance to aflatoxin production. Differences in aflatoxin production
am ong genotypes have been dem onstrated (2-21, 2-24, 2-26, 2-35, 2-36, 2-39),
b u t progress tow ard developing resistant genotypes has been slow as no
specific factors responsible for resistance have been identified. The m aize
genotype MAS:gk has show n prom ising levels of resistance to aflatoxin
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production in recent field and laboratory tests (2-5, 2-35). The m echanisms
for this resistance, how ever, were not clear.
The objectives of this investigation were: 1) to determ ine if there are
differences in aflatoxin production betw een MAS:gk and 13 commercial
m aize genotypes and 2 ) to identify factor(s) responsible for these differences.
Prelim inary reports have been published (2-16, 2-17, 2-18).
MATERIALS AND METHODS
M aize genotypes: Thirteen commercial m aize hybrids w ere included in
these studies. These were: Asgrow hybrids RX 947 and RX 899, Dekalb
hybrid DK 689, Deltapine hybrids G-4666-21 and G-4666-51 (same hybrid but
different kernel shape and size), M cCurdy hybrid 7477, N orthrup King
hybrid S7759, ORO hybrids 188 and 200W, and Pioneer hybrids 3136, 3142,
3154, and 3165. Kernels of resistant m aize genotype MAS:gk w ere obtained
from the Insect Biology and Population M anagem ent Research Laboratory
in Tifton, GA. Kernels of all genotypes w ere stored at 4 C until used in tests.
All m aize kernels tested w ere free of fungicides, insecticides, and dyes
norm ally used to treat seed prior to sale.
Fungal strain and culture conditions: Aspergillus flavus (strain AF13) was
obtained from P. J. Cotty (SRRC/ARS/USDA, N ew Orleans, LA) and was
used in all studies. This strain produces large quantities of aflatoxins in
culture and in developing cottonseed and m aize kernels (2-5, 2-10). The
fungus was grow n on V8 juice agar plates (5% V8 juice, 2% agar, v /v ) at 30 C
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in the dark. Plugs (3 m m in diam eter) of sporulating 4-d-old cultures w ere
stored at 4 C on a long-term basis in vials containing 5 ml of distilled w ater
(2-10, 2 - 11 ). Conidia from 7-d-old cultures suspended in deionized w ater
w ere used as inoculum (2 -12 ).
K ernel w o u n d in g and inoculation: Time and equipm ent lim itations
precluded sim ultaneous testing of all 13 m aize genotypes. Therefore, three
separate tests w ere conducted to exam ine aflatoxin Bi accum ulation in
w ounded and intact kernels of these genotypes. For consistency and
com parison, all three tests contained the resistant m aize genotype MAS:gk
and two of three tests contained Deltapine G-4666-51 or Pioneer 3154.
Four kernels of each genotype, which constituted one experim ental
unit, w ere placed in a single cell (35 m m in diam eter, 20 m m in height) of a
6 -cell culture dish (COSTAR®, cell culture cluster dish, 205 Broadway,

Cam bridge, MA 02139). Four dishes then were sealed in a plastic food
container (180 m m x 150 m m x 90 m m , NAKGEBE®, N alge Com pany, Box
20365, Rochester, NY 14602). W ater (100 ml) was added to the bottom of
each container to m aintain high hum idity. W ater did not contact kernels
directly. The endosperm of each kernel was w ounded to a depth of 1 m m
using a 20 gauge needle (PrecisionGlide®, Becton Dickinson & Co, Franklin
Lakes, NJ 07417). Each treatm ent was replicated 12 times. W ounded and
intact kernels of each genotype w ere im m ersed in a suspension of A. flavus
conidia (106/ml), rem oved, and incubated at 30 C in darkness for 7 d.
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Im m ediately follow ing this, kernels w ere dried in a forced-air oven at 60 C
for 2 d to stop further toxin synthesis.
A flatoxin analysis: Levels of aflatoxin B1 in the 4-kernel experim ental
u nits in all tests w ere determ ined using the official m ethods of the
Am erican Oil Chemists Society (2-2) w ith modification (2-6). Dried samples
w ere pow dered in a plastic bag (4 x 6 ") using a ham m er and weighed for
calculation of aflatoxin levels. M ethylene chloride (30 ml) w as added to the
pow dered sam ples in flasks (50 ml) which w ere w eighed before and after the
sam ple w as added. Samples w ere shaken for 30 min. After this, the
m ethylene chloride w as filtered through filter paper (W hatman® filter
paper 1, W hatm an International Ltd., M aidstone, England) into an 80 m l
beaker and evaporated to dryness. Each beaker was rinsed 3 times w ith
m ethylene chloride, which then w as transferred to an 8 -ml vial and
evaporated to dryness again. Vial residues w ere dissolved in 2 ml of
benzene:acetonitrile (98:2) and spotted on silica gel thin-layer
chrom atography (TLC) plates (Kieselgel 60 F254, 20 X 20, EM SCIENCE, 480
Dem ocrat Road, Gibbstown, NJ 08027). Plates w ere developed in anhydride
ether:m ethanol:w ater (96:3:1). Aflatoxins w ere identified and quantified
directly on TLC plates and com pared w ith a commercial aflatoxin B and G
m ixture (Sigma Chemical Com pany, St. Louis, MO) using a scanning
densitom eter w ith a fluorom etry attachm ent (Model CS-930; Shim adzu
Scientific Instrum ents, Inc., Tokyo, Japan).
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Extraction of cutin from the kernel pericarp: The role of the pericarp in
m aize kernels (2-38) to lim it A. flavus colonization an d aflatoxin production
w as tested using the resistant m aize genotype MAS:gk and the susceptible
Pioneer hybrid 3154. Intact kernels of each genotype w ere im m ersed in 0.1
M KOH for 30 m in to extract cutin from their pericarps (2-20), rinsed in
distilled w ater three times, and air dried prior to inoculation. Four kernels
constituted one experim ental unit and each treatm ent was replicated 12
times. Control kernels w ere treated w ith distilled water. Techniques for
inoculation, incubation and sam ple preparation for aflatoxin analysis w ere
as previously described.
Rem oval of wax from kernel pericarp: The role of surface wax in maize
kernel pericarps in lim iting colonization by A. flavus and aflatoxin
production w as tested using MAS:gk and Pioneer 3154. Intact kernels (180
kernels each) of both m aize genotypes w ere im m ersed in three separate
changes of chloroform, each im m ersion for 30 s, to rem ove surface waxes (225). O ne-third (60 kernels) of the kernels im m ersed in chloroform did not
receive additional treatm ents. Another one-third of these kernels then
i

were im m ersed in 0.1 M KOH for 30 min, as described previously, to extract
cutin from pericarps. The final third of these kernels w ere im m ersed in
purified cutinase (100 (ig/m l) (P. E. Kolattukudy, Ohio State University,
C olum bus 43210) and im m ediately rem oved and incubated a t room
tem perature for 2 h before inoculation. A separate group of control kernels
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w as treated w ith distilled w ater. Four kernels constituted one experim ental
unit and each treatm ent w as replicated 12 times. Techniques for
inoculation, incubation and sam ple preparation of aflatoxin analysis w ere as
described above.
Brown et at. (2-6) found that the living em bryo of m aize kernels
influenced the expression of resistance to aflatoxin production. Because it
was possible that the above treatm ents could have affected kernel embryos,
w e tested germ ination ability. Kernels treated with KOH, chloroform,
cutinase, or w ater were placed on w et paper towels and incubated in
darkness at 30 C. Kernels were classified as germ inated w hen radicles w ere >
kernel length.
Statistical analysis: Prior to analysis, all data w ere subjected to logio(X+l)
transform ation to equalize variances. Mean separations w ere accomplished
using LSD. All statistical procedures w ere perform ed using the SAS system
(2-32,2-33).
RESULTS
M arked differences in aflatoxin B1 accumulation w ere detected
am ong the m aize genotypes exam ined (Table 2-1). In Test 1, intact kernels of
RX 947 accum ulated significantly higher levels of aflatoxin Bi than did the
other genotypes. Aflatoxin levels in NK S7759, DK 689, G 4666-21, and G
4666-51 w ere interm ediate follow ing inoculation of intact kernels. Aflatoxin
levels in G 4666-51 w ere significantly lower than in G 4666-21. The aflatoxin
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TABLE 2-1. Levels of aflatoxin Bi following inoculation w ith Aspergillus
flavus of kernels from different m aize genotypes that w ere intact or pinw ounded in endosperm .
Aflatoxin Bi^ (ppb)a
G enotype

Intact

Pb

W ounded

TEST 1
RX 947

5348 ± 492c a

3416 + 651

a

NK S7759

1658 ± 644

b

2335 ± 465

a

DK 689

832 ± 403

b

4570 ± 822

a

*

G 4666-21

440 ± 135

b

7436 ± 2508 a

*■*

G 4666-51

237 ± 158

c

3502 ± 921

a

*

10 ± 10

d

1191 ± 776

b

*

MAS:gk

TEST 2
Pioneer 3165

9465 ± 544

a

Pioneer 3142

8581 ± 1677 a

Pioneer 3154

6511 ± 762

Pioneer 3136

8793 ± 1161 a
11078 ± 806

a

ab

8371 ± 823

a

5959 ± 837

ab

7539 ± 1606 a

RX 899

4244 ± 711

b

6291 ± 1320 a

MAS:gk

124 ± 36

c

2774+ 731

b

*

(Table 2-1, cont'd)

23
TEST 3
Pioneer 3154

115691 1499 a

113641 1230 a

McCurdy 7477

69431 1654 ab

68721 1071 a

ORO 188

6585 1 2082 abc

10752 1 497

ORO 200W

1413 1 324

be

11270 1 2209 a

G 4666-51

10021 139

c

70461 781

a

* 4

MAS:gk

1581 126

d

13501 537

b

4

a
**

a For each test, m ean ± SE within colum ns followed by the sam e letter did
not differ significantly (P > 0.05).
•>W ithin lines, asterisks indicate a significant (*, P <, 0.05; **, P £ 0.01)
difference in aflatoxin production betw een intact kernels and those
w ounded in endosperm .
c Analyses w ere done on transform ed [logio(X + 1)] data, bu t presented
m eans are not transform ed.
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level in MAS:gk was the lowest following inoculation of intact kernels.
Differences in aflatoxin accum ulation am ong commercial hybrids w ere no
longer detectable following inoculation of kernels w ith w ounded
endosperm (Table 2 - 1). Aflatoxin accum ulation in w ounded kernels of
MAS:gk w as still significantly lower than in the commercial hybrids.
Com parisons betw een w ounded and intact kernels w ithin each genotype
show ed that DK 689, G 4666-21, G 4666-51, and MAS:gk supported higher
levels of aflatoxin accum ulation in w ounded than in intact kernels (Table 21).
Similar results w ere found in Test 2 (Table 2-1). In intact kernels,
levels of aflatoxin accum ulation w ere highest in Pioneer 3165, 3142, 3154,
and 3136, interm ediate in RX 899, and lowest in MAS:gk. Com parison
betw een w ounded and intact kernels w ithin each genotype show ed that
only MAS:gk supported significantly higher aflatoxin levels following
w ounding, although these levels still w ere significantly low er than those in
w ounded kernels of all other genotypes tested (Table 2-1).
A range of aflatoxin levels was detected am ong genotypes in Test 3 as
well (Table 2-1). Aflatoxin accum ulation in intact kernels w as greatest in
Pioneer 3154, interm ediate in M cCurdy 7477, ORO 188, ORO 200W, and G
4666-51, and lowest in MASrgk. W hen kernels were w ounded prior to
inoculation, only MAS:gk supported toxin levels significantly lower than
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other genotypes (Table 2-1). ORO 200W, G 4666-51, and MAS:gk supported
greater toxin production in w ounded than in intact kernels (Table 2-1).
Consistency betw een tests 1 , 2 , and 3 was dem onstrated by com paring
results from genotypes present in tw o or m ore tests. MAS:gk consistently
su p p o rted the lowest levels of aflatoxin Bi accum ulation in all three tests,
and kernel w ounding increased levels of aflatoxin in each test. In Test 1 and
3 D eltapine G 4666-51 supported interm ediate levels of aflatoxin
accum ulation in intact kernels which w ere increased significantly following
kernel w ounding. Pioneer 3154 supported the highest aflatoxin levels in
both intact and w ounded kernels in Tests 2 and 3, and there w as no increase
in aflatoxin levels following kernel w ounding (Table 2-1).
Treatm ent of intact kernels w ith 0.1 M KOH prior to inoculation
increased aflatoxin levels both in the resistant MAS:gk line and in
susceptible Pioneer 3154 relative to w ater treated controls (Table 2-2).
A lthough significant increases were observed w ithin both genotypes, that
for MAS:gk w as nearly 25 times greater than that for Pioneer 3154.
Following KOH treatm ent, how ever, toxin accum ulation in MAS:gk still
w as significantly lower than that in treated Pioneer 3154 kernels (Table 2-2).
Treatm ent w ith KOH did not affect kernel germ ination in either m aize
genotype (data not shown).
Chloroform treatm ent prior to inoculation significantly increased
levels of aflatoxin in intact kernels of MAS:gk com pared w ith that in non-
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TABLE 2 -2 . Levels of aflatoxin Bi following inoculation w ith Aspergillus
flavus of m aize kernels treated w ith 0.1 M KOH.
Aflatoxin Bi(ppb)a
T reatm en t

MAS:gk

Pb

Pioneer 3154

KOH

7746 ± 1098=

a

12567 ± 915

a

*

WATER

229 ±100

b

9166 ± 665

b

**

a M ean ± SE. M eans w ithin columns followed by the sam e letter did not
differ significantly (P > 0.05).
b W ithin lines, asterisks indicate a significant difference in aflatoxin
production betw een the two genotypes (*, P < 0.05; **, P < 0.01).
c Analyses were done on transform ed [logio(X + 1)] data but presented
m eans are not transform ed.
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TABLE 2-3. Levels of aflatoxin Bi following inoculation w ith Aspergillus
flavus of m aize kernels treated w ith chloroform , KOH or cutinase.
Aflatoxin BI (ppb)a
T rea tm en t

pb

Pioneer 3154

MAS:gk

Intact kernel

11 + 8 c

c

2786 ± 568

b

**

+ch!oroform
w ash

913 ± 267

b

3030 ± 393

b

**

+ chloroform
+ KOH

2389 ± 662

a

7874 ± 735

a

**

+ chloroform
+ cutinase

3058 ± 658

a

4194 ± 1107

a

if

W ounded kernel

3256 ± 1406

a

4541 + 517

a

*

a M ean ± SE. M eans w ithin columns followed by the same letter did not
differ significantly (P > 0.05).
b W ithin lines, asterisks indicate a significant difference in aflatoxin
production betw een the two genotypes (*, P < 0.05; **, P < 0.01).
c Analyses w ere done on transform ed [logio(X + 1) data], but presented
m eans are not transform ed.
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treated intact kernels (Table 2-3). Subsequent treatm ent of chloroformw ashed kernels with KOH or cutinase further increased aflatoxin
accum ulation to levels that did not differ from those in w ounded kernels of
MAS:gk (Table 2-3). Treatm ent w ith chloroform did not affect aflatoxin
production in intact kernels of Pioneer 3154 (Table 2-3). However,
subsequent treatm ent w ith KOH or cutinase increased levels of aflatoxin in
a m anner sim ilar to that seen w ith MAS:gk. Relative increases in aflatoxin
accum ulation follow ing treatm ent of MASrgk kernels again w ere m arkedly
greater than those of Pioneer 3154 (Table 2-3). Aflatoxin levels in MAS:gk
w ere significantly lower than those in Pioneer 3154 w ithin each treatm ent
(Table 2-3). Treatm ent with chloroform, KOH, or cutinase did not affect
kernel germ ination in either genotype (data not shown).
DISCUSSION
Genotypic differences in aflatoxin accum ulation have been
docum ented for several crops including m aize (2-14, 2-26, 2-27, 2-31, 2-35).
Present results also show genotype-based differences in aflatoxin
accum ulation b u t show further that several m echanism s m ay function to
reduce aflatoxin accum ulation in m aize kernels. The commercial hybrids
RX 947, NK S7759, M cCurdy 7477, ORO 188, Pioneer 3165,3154, 3142, and
3136 consistently supported high levels of aflatoxin accum ulation and
show ed no differences in aflatoxin levels betw een intact and w ounded
kernels. These data suggest that the intact pericarp posed little if any barrier
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to A. flavus colonization and subsequent aflatoxin production in these
genotypes. Different results, however, w ere obtained from DK 689, G 466621, G 4666-51, ORO 200W, and MAS:gk. Levels of aflatoxin accum ulation in
intact kernels of these m aize genotypes w ere low er than in the previous
g roup of hybrids. In addition, aflatoxin levels w ere higher in w ounded than
in intact kernels, which suggests that factor(s) associated w ith an intact
pericarp provided a partial barrier to fungal colonization and aflatoxin
production in these genotypes. W ounding kernels prior to inoculation
probably breached this barrier and allowed unrestricted fungal colonization
and toxin production w ithin the kernel. These factor(s) associated w ith an
intact kernel pericarp m ay be present to a m uch greater degree in MAS:gk
than in other genotypes, as evidenced by aflatoxin levels in MAS:gk that
w ere low est w hether kernels w ere intact or w ounded.
The pericarp is the outerm ost layer of m aize kernels and com posed of
several layers of cells differing in chemical com ponents and cell wall
thickness (2-38). The pericarp contains wax and cutin layers, which afford
considerable protection against infection by fungal pathogens (2-23).
Treatm ent w ith KOH to rem ove cutin (2-20) from intact kernels prior to
inoculation w ith A. flavus effected substantial increases in aflatoxin
accum ulation in MAS:gk but only m arginal increases in the susceptible
hybrid Pioneer 3154. These d ata suggest that reduced susceptibility in
MAS:gk m ay result in p art from cutin in the pericarp or thickness of
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pericarp (Guo and Russin, unpublished data). M any fungal pathogens
secrete an extracellular cutinase to aid in penetration of p lant cuticles (2-3).
A lthough not conclusive, evidence of extracellular cutinase activity was
obtained w hen A. flavus w as cultured on m edium containing cutin as the
sole carbon source (2-16, 2-18). Pectinase also was isolated from A. flavus
grow n on m edia am ended w ith pectin an d cotton bolls (2-8, 2-9). A ddition
of diisopropyl fluorophosphate, a specific inhibitor of fungal esterase
(including cutinase), to the inoculum suspension reduced aflatoxin
accum ulation in m aize kernels (2-16, 2-18). These results further suggest
roles for cutinase and pectinase in colonization of m aize kernels of A.
fla vu s.
Reduced susceptibility to aflatoxin accum ulation in MAS:gk also was
related to wax on the kernel surface. Removing wax w ith chloroform (2-25)
from the surface of MAS:gk kernels significantly increased the susceptibility
of this genotype to aflatoxin accum ulation. A lthough no studies have
addressed the role of pericarp waxes in resistance to aflatoxin accumulation,
lipids in the shed cuticles of the silkworm (Bombyx mori L.) w ere show n to
exhibit fungicidal/fungistatic effects on A. flavus in culture (2-22). W hen
wax rem oval w ith chloroform w as com bined w ith KOH or cutinase
treatm ents to reduce cutin levels, the pericarp barrier to fungal grow th and
aflatoxin production in MAS:gk w as elim inated and aflatoxin levels in
kernels treated in this m anner w ere equal to those in w ounded kernels.
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C hloroform treatm ent alone did not increase aflatoxin production in
kernels of susceptible Pioneer 3154. These results suggest that different
am ounts a n d /o r com ponents of kernel surface wax m ay be partially
responsible for differences in aflatoxin accum ulation betw een these
genotypes. In an earlier study, Brown et at. (2-6) attem pted rem oval of
surface waxes by w ashing kernels in acetone. They found no differences in
either fungal grow th or aflatoxin production in response to acetone
treatm ent. Differences betw een present results and those of Brown et at. (26 ) m ay be due to greater effectiveness of chloroform for rem oval of kernel

surface wax. Chloroform has been used w idely for rem oving wax from
plant surfaces (2-4, 2-25). Bianchi and Avato (2-4) com pared wax
com position from m aize kernels, leaves, and husks. Only 2.7 m g wax was
obtained from kernels on 20 untouched m aize ears. H ow ever, this wax
contained higher levels of esters and lower levels of aldehydes than were
detected in other m aize tissues.
An additional m echanism for reducing aflatoxin accum ulation was
detected in MASrgk. N ot only did MAS:gk support the lowest levels of
aflatoxin accum ulation in intact kernels, bu t aflatoxin levels in endosperm w ounded kernels as well as in kernels treated with chloroform, KOH, or
cutinase, w ere significantly lower in MAS:gk than in the other commercial
hybrids. These results suggest the presence of preform ed com pound(s)
w ithin MAS:gk kernels that are either absent or present at reduced levels in
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the commercial hybrids tested. N agarajan and Bhat (2-27) screened a lim ited
num ber of m aize genotypes and reported that reduced accum ulation of
aflatoxin in m aize hybrid 'O paque- 2 ' was related to increased levels of a low
m olecular w eight protein. This protein w as detected in both resistant and
susceptible hybrids but its concentration w as m arkedly greater in resistant
'O paque-2'. Inhibition of A. flavus grow th by protein extracted from maize
kernels has been dem onstrated in vitro (2-28, 2-29). Several other
m etabolites have been hypothesized as potential controls for aflatoxin
contam ination in m aize (2-37). The identity of the preform ed com pound(s)
conferring resistance in MAS:gk has not been determ ined.
It is interesting to note that different levels of aflatoxin accum ulation
w ere detected for G 4666-51 and G 4666-21. These represent kernels of the
, sam e hybrid that differ in size and shape. C om pared to kernels of G 4666-21,
w hich exhibited a typical flattened shape, those of G 4666-51 w ere m ore
round, heavier (29.4 vs 26.7 g/100 kernels), and had greater volum e (24.0 vs
21.5 m l / 100 kernels). Because this hybrid is one that exhibited reduced
aflatoxin accum ulation as a result of an intact pericarp barrier, it is possible
that differences in kernel m orphology betw een these groups m ay have
m odified the pericarp barrier and influenced aflatoxin accumulation.
O ur results show that several m echanism s m ay function to reduce
aflatoxin accum ulation in m aize kernels. M ost of the genotypes tested
exhibited neither the pericarp factors nor the preform ed com pound(s)
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w ithin kernels that are hypothesized to be responsible for resistance in
MASrgk. Only 5 of 13 genotypes (DK 689, G 4666-21, G 4666-51, ORO 200W,
MAS:gk) show ed evidence of factors associated w ith intact pericarps that
m ay serve to reduce aflatoxin accumulation. Resistance in MAS:gk to
aflatoxin accum ulation apparently is associated w ith cutin and wax in the
pericarp and w ith preform ed com pound(s) w ithin the kernels. Further
research will focus on the specific roles of cutin and wax in the pericarp as
well as identification of preform ed a n d /o r induced com pounds in kernels.
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INTRODUCTION
Aspergillus flavus Link:Fr. has been studied intensively since 1960/
w hen aflatoxins w ere identified as causal agents of a poultry disease (3-19, 326). Aflatoxins later w ere recognized as a potential hum an health hazard (313). These m ycotoxins are extrem ely potent, naturally-occurring carcinogens
that occur in food for livestock and hum ans (3-7, 3-16, 3-30). Corn (Zea mays
L.) is an im portant crop in the grain and livestock econom y of the United
States and w orldw ide. G rain colonization by A. flavus and subsequent
aflatoxin contam ination are chronic problem s in the southeastern U nited
States and occur periodically in the m idw est (3-12). A lthough A. flavus had
been observed as an ear m old (3-31), it was thought to occur only in storage
until it w as found grow ing an d producing aflatoxins in developing corn ears
in the field (3-1).
C orn genotypes now are routinely screened for resistance to aflatoxin
production as part of a long-term approach to elim inate preharvest
contam ination by aflatoxins (3-8, 3-15, 3-35). Both field and laboratory
studies identified corn population GT-MAS:gk as a prom ising source of
aflatoxin resistance (3-4, 3-15, 3-35). How ever, aflatoxin contam ination still
can be a significant problem in storage. Resistant corn genotypes will be
m ost useful if their resistance is expressed under both preharvest and
postharvest storage conditions. The stability of resistance in GT-MAS:gk
u n d er different storage conditions has not been examined.
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Preharvest aflatoxin resistance in GT-MAS:gk was associated w ith
cutin and wax in the pericarp and w ith other preform ed com pound(s)
w ithin kernels (3-15). Brown et al. (3-4) show ed further that a living em bryo
w as essential for expression of resistance in this genotype. Killing the
em bryo using any of several techniques resulted in aflatoxin levels that
w ere significantly higher than those in nonw ounded kernels of GT-MAS:gk
as well as those in susceptible hybrids. That the viable em bryo exerts such
profound control over resistance in GT-MAS:gk suggests that metabolic
processes, perhaps protein synthesis (3-5, 3-6, 3-9), turned on during
germ ination m ay be im portant for influencing aflatoxin production in other
corn genotypes as well.
The objectives of our research were: 1) to determ ine the effects of
relative hum idity on aflatoxin production in resistant corn genotype GTMAS:gk infected with A. flavus, and 2) to study the effect of germ ination on
aflatoxin production in resistant and susceptible corn genotypes. A
prelim inary report has been published (3-14).
MATERIALS AND METHODS
G eneral m ethods: Studies utilized resistant corn population GT-MAS:gk (34, 3-15) and commercial corn hybrids Asgrow RX 899, Dekalb 689, Deltapine
G-4666, M cCurdy 7477, ORO 188 and 200W, and Pioneer 3154 and 3165. In
previous studies, these hybrids exhibited a range in susceptibility to aflatoxin
contam ination by A. flavus (3-15). Kernels w ere free of insecticides,
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fungicides, and dyes norm ally used to treat seed. Kernels w ere surfacesterilized by im m ersing in 0.75% NaOCl for 5 m in and rinsing in three
changes of sterile deionized w ater. This w as done to rid kernel surfaces of
m icroorganism s which m ay reduce aflatoxin production by A. flavus. Strain
AF13 of A. flavus, which produces large quantities of aflatoxins (3-3, 3-10),
was used in all studies. The fungus was grow n on V8 juice agar (5% V 8
juice, 2 % agar) u nder standard conditions (30°C in darkness).

Fungus

inoculum consisted of conidia from 7-day-old cultures suspended in sterile
deionized water. The fungus w as m aintained as agar discs (3 m m in
diam eter) from 4-day-old cultures in sterile deionized w ater at 4 ’C. Selected
relative hum idities (RH) for corn kernel incubation w ere obtained using
saturated salt solutions (3-11, 3-34, 3-36). Salts and corresponding RH values
were: N a 2C r 20 7 H 2 0 (52.5%); N a N 0 2 (63%); N a N 0 3 (72.5%); N H 4CI (77.5%);
(N H 4)2S 0 4 (84.5%); KNO 3 (91%); K2Cr 20 7 (97.5%). Deionized w ater was
used for 100% RH.
C orn kernel inoculation and incubation: Effects of RH on expression of
resistance to A. flavus grow th and aflatoxin production w ere tested in tw o
experim ents using the resistant GT-MAS:gk and susceptible Pioneer 3154
corn genotypes. In experim ent 1, dry kernels of both genotypes were
im m ersed in a suspension of A. flavus conidia (106/m l), rem oved
im m ediately, and allowed to dry at room tem perature. Five kernels of each
genotype, which constituted one experim ental unit, w ere placed in a single
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cell (35 m m in diam eter, 20 m m in height) of a 6 -cell culture dish (Costar,
Cam bridge, MA). Dishes w ere sealed in plastic containers (180 m m x 150
m m x 90 m m , N alge Com pany, Rochester, NY) that contained 150 ml w ater
or saturated salt solution. Kernels did not contact w ater or salt solutions
directly. All treatm ents w ere replicated 12 times. Kernels w ere incubated as
described at different RH for 7 d, then dried at 60 "C for 2 d to stop further
fungus grow th and toxin synthesis. This experim ent w as conducted twice.
In experim ent 2, dry kernels of both genotypes w ere incubated as
described above for 3 d over w ater or saturated salt solution prior to
inoculation w ith A. flavus. This preincubation treatm ent allow ed time for
kernel m oisture to equilibrate w ith am bient RH prior to inoculation.
Following inoculation, kernels w ere returned to the sam e environm ents
and incubated for 7 additional days. All treatm ents w ere replicated 12 times.
Kernels w ere dried as described. This experim ent was conducted three
tim es.
Kernels of resistant GT-MAS:gk and all eight susceptible hybrids were
preincubated 0 or 3 d at 100% RH. Kernels w ere inoculated w ith A. flavus as
described and incubated 7 additional days at 100% RH. All treatm ents were
replicated 12 times, and kernels w ere dried as described. This experim ent
was conducted twice.
Fungal sporulation rating and aflatoxin analysis: Fungal sporulation, an
index of fungal grow th, on individual kernels w as rated at the end of each
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test according to the following scale: 0 = mycelium visible on kernel surface
but no sporulation, 1 = 1-20%, 2 = 21-40%, 3 = 41-60%, 4 = 61-80%, and 5 = 81100 % of the kernel surface covered by conidiophores bearing conidia.

Levels of aflatoxin Bj w ere determ ined using official m ethods of the
Am erican Oil Chemists Society (3-2) w ith m odifications (3-4, 3-15). Fivekernel experim ental units w ere pow dered, w eighed, and combined w ith
m ethylene chloride (30 ml) in 50 ml flasks. After shaking for 30 min,
m ethylene chloride was filtered through W hatm an No. 1 paper (W hatm an
International Ltd., M aidstone, England) into 50 m l beakers and evaporated
to dryness. Beakers w ere rinsed with m ethylene chloride, which w as
transferred to 8 ml vials and evaporated to dryness. Vial residues w ere
dissolved in 2 m l benzene:acetonitrile (98:2), spotted on thin layer
chrom atography plates (Silica Gel 60 F254, EM SCIENCE, Gibbstown, NJ), and
developed in anhydride ether:m ethanol:w ater (96:3:1). Levels of aflatoxin
Bi w ere quantified directly on plates using a scanning densitom eter w ith a
fluorom etry attachm ent (Model CS-930, Shim adzu Scientific Instrum ents,
Inc., Tokyo, Japan). A commercial aflatoxin B and G m ixture (Sigma
Chemical Com pany, St. Louis, MO) served as a standard.
Statistical analysis: Aflatoxin Bi data w ere transform ed [logio(X+l)] prior to
analysis to equalize variances. All data w ere analyzed using the analysis of
variance procedure of the Statistical Analysis System (SAS) (3-28, 3-29).
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W hen the num ber of treatm ent levels exceeded two, differences betw een
levels w ere tested using least significant difference (LSD).
RESULTS
R elative h u m id ity effects on resistance to aflatoxin production: Aflatoxin
w as not detected in kernels incubated at < 80% RH, and m inim al am ounts
of toxin w ere detected w hen kernels were incubated a t 80% and 84.5% RH
(Table 3-1). Toxin production was sim ilar betw een resistant GT-MAS:gk and
susceptible Pioneer 3154 at these RH levels.

Aflatoxin production increased

significantly in both genotypes w hen kernels w ere incubated at 91% RH, but
did not increase further as RH increased to 100% (Table 3-1). Resistance in
GT-MAS:gk was m ost evident at these RH levels; toxin levels in GTMAS:gk w ere about 2% of the levels in susceptible Pioneer 3154.
Results for sporulation ratings were sim ilar to those for aflatoxin
levels. Sporulation was not observed on either genotype until RH level was
> 91%, and sporulation ratings did not change as RH increased to 100%
(Table 3-1). Sporulation ratings in GT-MAS:gk w ere <20% of those in
Pioneer 3154. G enotypes differed w ith regard to initial m ycelium grow th on
kernel surfaces. M ycelium of A. flavus was visible on surfaces of Pioneer
3154 kernels incubated at 77.5% RH, w hereas m ycelium w as not observed on
GT-MAS:gk kernels at RH levels < 84.5% (Table 3-1).
Pre incubation effects on resistance to aflatoxin production: At RH < 91%,
kernels of Pioneer 3154 and GT-MAS:gk that w ere preincubated 3 d prior to
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TABLE 3-1. Aflatoxin Bi levels and fungal sporulation ratings on corn
kernels inoculated w ith Aspergillus flavus then incubated at different
relative hum idity levels for 7 d at 30*C
Relative
hum idity (%)

Aflatoxin Bi (p p b )b
Pioneer 3154

GT-MAS:gk

Sporulation ratines
Pioneer 3154

GT-MAS:gk

72.5

ndd

nd

nd

nd

77.5

nd

nd

0

b

nd

80.0

15 b

4 b

0

b

nd

84.5

20 b

7 b

0

b

0

b

91.0

2215 a

45 a

2.0

a

0.4

a

97.5

3758 a

68 a

2.3

a

0.4

a

100.0

3473 a

79 a

2.4

a

0.5

a

a Com bined means from two tests are presented.
b W ithin columns, m eans followed by the sam e letter did no t differ
significantly (P > 0.05) according to LSD. Analyses w ere done on
transform ed [logio(X + 1)] data, but presented m eans are not transform ed.
c Fungal sporulation was rated as follows: 0 = mycelium visible on kernel
surface but no sporulation, 1 = 1-20%, 2 = 21-40%, 3 = 41-60%, 4 = 61-80%, and
5 = 81-100% of the kernel surface covered by conidiophores bearing conidia.
M ean w as obtained from 24 observations.
d Aflatoxin, sporulation a n d /o r m ycelium not detected.
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inoculation supported aflatoxin levels and A. flavus sporulation ratings that
w ere sim ilar to those on kernels that were not preincubated (Tables 3-1 and
3-2). Aflatoxin levels w ere not detected or w ere very low at RH < 91%, and
increased significantly in both genotypes at 91% RH (Table 3-2). GT-MAS:gk
again supported toxin production that was about 98% low er than in Pioneer
3154. H ow ever, m inor differences w ere observed in sporulation ratings for
these genotypes. Mycelium was detected on preincubated GT-MAS:g kernels
at lower RH than on kernels that were not preincubated, although
sporulation still was not observed until RH level reached 91% (Table 3-2).
O n Pioneer 3154, both mycelium grow th and sporulation occurred at lower
RH levels on preincubated kernels (Table 3-2).
Kernel germ ination was very high follow ing 3 d preincubation at
100% RH. U nder these conditions, aflatoxin levels rem ained consistently
low in resistant GT-MAS:gk but decreased m arkedly (61%) in susceptible
Pioneer 3154, relative to toxin levels at 91% RH (Table 3-2). This is in direct
contrast to results from Pioneer 3154 kernels that were not preincubated
(Table 3-1). Sporulation ratings for both genotypes increased significantly on
kernels preincubated at 100% RH, relative to sporulation ratings obtained at
lower RH levels (Table 3-2).
G erm ination effects on resistance to aflatoxin production: Prelim inary
results indicated that, at 100% RH, germ ination (radicle visible) was m uch
greater if kernels were subjected to 3-day preincubation prior to the standard

46
TABLE 3-2. Aflatoxin Bi levels and fungal sporulation ratings on corn
kernels preincubated for 3 d at different relative hum idity levels as
indicated, inoculated w ith Aspergillus flavus, then incubated at the sam e
relative hum idity levels as preincubation for 7 d at 30'C a.
Relative**
hum idity (%)

Aflatoxin
Pioneer 3154

(ppb)£
GT-MAS:gk

Sporulation ratingd
Pioneer 3154

GT-MAS:gk

72.5

nde

nd

nd

77.5

nd

nd

0

d

nd

nd

80.0

6 c

11 b

0

d

0

c

84.5

34 c

9 b

0.1

c

0

c

91.0

5034 a

108 a

2.8

b

0.5 b

100.0

1952 b

193 a

4.0

a

2.0

a

a C om bined m eans from three experim ents are presented.
b Relative hum idity (%) for both preincutation and incubation.
c W ithin colum ns, m eans followed by the sam e letter did not differ
significantly (P > 0.05) according to LSD. Analyses were done on
transform ed [logio(X + 1)] data, but presented m eans are not transform ed.
d Fungal sporulation was rated as follows: 0 = mycelium visible on kernel
surface but no sporulation, 1 = 1-20%, 2 = 21-40%, 3 = 41-60%, 4 = 61-80%, and
5 = 81-100% of the kernel surface covered by conidiophores bearing conidia.
M ean was obtained from 36 observations,
e Aflatoxin, sporulation a n d /o r m ycelium not detected.
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7-day incubation, but not if this preincubation period w ere om itted. Several
recent studies indicated that defense m echanism s against fungus infection
m ay be induced during the germ ination process in corn (3-5, 3-6, 3-9, 3-14).
Therefore, experim ent 3 evaluated the effects of preincubation and
subsequent kernel germ ination on grow th and toxin production by A.
flavus an d on the expression of resistance in corn genotypes. Kernels of
resistant GT-MAS:gk that w ere preincubated 3 d show ed 98.3% germ ination,
whereas only 4.2% of kernels not preincubated germ inated follow ing the
stan d ard 7-day incubation period (Table 3-3). Aflatoxin levels in
preincubated GT-MAS:gk kernels w ere sim ilar to those in kernels not
preincubated, b u t preincubated kernels had significantly higher sporulation
ratings (Table 3-3). These results are consistent w ith data from this genotype
in Table 3-2.
For m ost (7 of 8 ) susceptible hybrids tested, preincubated kernels
germ inated readily (> 93%), w hereas those not preincubated had lower
germ ination (< 17.5%) after the standard 7-day incubation (Table 3-3).
Aflatoxin levels in preincubated kernels of these hybrids w ere significantly
lower than those in kernels not preincubated (Table 3-3). Across these seven
hybrids, reductions in aflatoxin levels due to preincubation averaged about
83% and ranged from 68-96%. The exception to this w as M cCurdy 7477,
which germ inated readily regardless of preincubation and show ed no
difference in aflatoxin levels (Table 3-3). Sporulation ratings w ere higher on

TABLE 3-3. Kernel germination, aflatoxin Bi levels, and fungal sporulation ratings of kernels of resistant and
susceptible com genotypes that were not preincubated or preincubated for 3 d at 100% relative humidity, inoculated
with Aspergillus flavus, then incubated at the same relative hum idity for 7 d at 30 °C a.
Kernel germination (%)
Com

Aflatoxin B^ (ppb)h

N ot

Preincubated

N ot

preincubated

3 days

preincubated

4.2

98.3

52

97

0.6

*

1.7

17.5

93.0

7398

2008

2.2

*

3.1

3.0

100.0

7093

928

2.0

*

2.8

Deltapine G-4666

16.6

100.0

1793

101

2.3

2.4

McCurdy 7477

75.8

100.0

1906

1204

2.4

2.6

Oro 188

12.5

94.2

9304

1489

1.8

*

2.3

Oro 200W

6.6

100.0

4165

1325

1.6

*

2.3

Pioneer hybrid 3154

8.3

97.5

6339

262

3.6

*

4.1

Pioneer hybrid 3165

15.8

98.3

14396

2947

2.6

genotype

GT-MAS:gk
As grow RX 899
Dekalb 689

Preincubated

Sporulation rating £

3 days

*

*

N ot

Preincubated

preincubated

3 days

2.9

(Table 3-3, cont'd)

a Combined means from two experiments are presented.
b Analyses were done on transformed [logio(X +1)] data, but presented means are not transformed.
For each com genotype, significant (P < 0.05) differences between treatments for each variable are indicated with
c Fungal sporulation was rated as follows: 0 = mycelium visible on kernel surface b ut no sporulation, 1 = 1-20%,
2 = 21-40%, 3 = 41-60%, 4 = 61-80%, and 5 = 81-100% of the kernel surface covered by conidiophores bearing conidia.
Mean was obtained from 24 observations. For each com genotype, significant (P < 0.05) differences between
treatm ents for each variable are indicated with
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preincubated kernels, but not for all genotypes (Table 3-3). The hybrids
Deltapine G-4666, M cCurdy 7747, and Pioneer 3165 show ed no increase in
sporulation follow ing preincubation.
DISCUSSION
The developm ent of A. flavus and subsequent production of aflatoxin
in corn are controlled by m any factors, am ong which relative hum idity is
very im portant (3-27). In the present study, aflatoxin levels were very low
w hen kernels of GT-MAS:gk and Pioneer 3154 w ere incubated at 80% and
84.5% RH, b u t reached typical levels at RH >91%. These data agree closely
w ith those of Lillehoj (3-20), who reported significant aflatoxin production
w hen kernels were at RH > 87%, but lim ited toxin production at lower RH
values. Previously, we (3-15, 3-32) show ed that GT-MAS:gk kernels contain
significantly m ore pericarp wax than do Pioneer 3154 kernels, and that
resistance in GT-MAS:gk is due in p art to increased am ounts of wax.
Therefore w e hypothesized that thicker pericarp wax layers m ay allow GTMAS:gk, or genotypes w ith similar resistance mechanism s, to be subjected to
higher m oisture levels in storage and still resist infection and toxin
production. O ur results show that resistance in GT-MAS:gk was stable
across a range of RH levels, and that aflatoxin levels still w ere about 98%
lower than in susceptible Pioneer 3154 even u nder conditions optim al for
toxin production.
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M ycelium grow th and sporulation on kernels of both genotypes
m irrored aflatoxin production at RH >80%; that is, high toxin levels
generally w ere detected w hen A. flavus sporulation w as abundant on kernel
surfaces. Lim ited mycelium grow th was detected consistently on Pioneer
3154 kernels at 77.5% RH, which is lower than required for aflatoxin
production according to our results and those of others (3-20). This suggests
that aflatoxin synthesis in corn kernels m ay be m ore sensitive to m oisture
levels than are norm al fungal grow th processes. A sim ilar conclusion w as
reached by N ortholt and colleagues (3-24, 3-25), w ho used artificial media to
stu d y effects of w ater availability on A. flavus grow th and,aflatoxin
production.
Aflatoxin levels in m ost susceptible hybrids were m arkedly lower in
preincubated kernels, which were characterized by high germ ination
percentages, than in kernels that w ere not preincubated. In fact, aflatoxin
levels in germ inated kernels of one hybrid (Deltapine G-4666) w ere
com parable to those in resistant GT-MAS:gk. Keller et al. (3-18) dissected
corn kernels, rem oved different tissues, and inoculated these tissues w ith A.
flavus, A. nidulans, and A, parasiticus. They found th at germ inating
em bryos were resistant to grow th an d toxin production by all three
Aspergillus species. Lindsey and Turner (3-21) reported com pounds in
im m ature p eanut em bryos that w ere inhibitory to A. flavus grow th in
culture. Brown et al. (3-4) show ed that resistance to A. flavus in GT-MAS:gk
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kernels is associated w ith a living embryo. W hen exam ined together, the
results from current and previous studies suggest that com pound(s) are
produced in germ inating corn kernels that greatly reduce aflatoxin
production by A. flavus. Because of our experim ental design, w e w ere
unable to determ ine w hether these com pounds w ere generally present in
germ inating kernels or induced by A. flavus infection. In related studies (35, 3-6, 3-9), induced proteins w ere present in high levels only in germ inating
corn kernels, and their levels increased even further w hen kernels were
infected by the fungus Fusarium moniliforme. It w as not reported,
how ever, w hether these induced proteins w ere antifungal.
The m echanism responsible for reduced aflatoxin synthesis in
germ inating kernels of susceptible hybrids is unclear, b u t it m ay be sim ilar
to that in GT-MAS:gk. Guo et al. (3-15) found that, in addition to pericarp
wax and cutin, resistance in this genotype m ay be due to preform ed
com pounds w ithin kernels. O ur hypothesis is that these com pounds are
absent, or present at low levels, in dry kernels of susceptible hybrids, and
that their levels increase during germ ination. Several researchers reported
that corn kernels contain several proteins w ith antifungal activity. H uynh
et al. (3-17) identified a 22 kDa protein that inhibited grow th by Fusarium
oxysporum and Alternaria solani. A nother protein of sim ilar size,
zeam atin, inhibited grow th by Candida albicans (3-33). Neucere and
Zeringue (3-23) show ed that kernel proteins from 'Yellow Creole' (resistant

53
to aflatoxin contam ination) reduced grow th by A. flavus, w hereas the
fungus w as not affected by susceptible 'Huffman*. N agarajan and Bhat (3-22)
show ed high levels of a low m olecular w eight protein in com hybrid
'O paque-2', which is resistant to aflatoxin contam ination. In peanut,
resistance to A. flavus in freshly-harvested seed was associated w ith several
com pounds, possibly phenolics, that w ere extracted from cotyledons (3-21).
M cCurdy 7477 was the only susceptible corn hybrid in our studies that
did not support reduced aflatoxin levels in preincubated kernels. This can
be explained by exam ining germ ination values at 100% RH w ithout
preincubation (Table 3-3). Kernels of this hybrid show ed nearly 76%
germ ination under these conditions, w hich was m ore than four-fold greater
than any other corn genotype tested. Consequently, com parisons of toxin
levels in M cCurdy 7477 kernels w ith high and low germ ination levels w ere
not possible.
Results from o u r studies show that resistance in GT-MAS:gk was
stable regardless of the RH at which grain was incubated, w hich suggests that
storage of this or related genotypes m ay be possible under m oisture
conditions less exacting than are required w ith susceptible hybrids. O ur
results also indicate that kernels of norm ally susceptible hybrids become
m oderately to highly resistant during germ ination. This phenom enon was
observed in nearly all susceptible hybrids tested. Further research is needed
to identify these resistance m echanism s in germ inating kernels.
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U nderstanding how the viable em bryo influences resistance to aflatoxin
production m ay provide future opportunity to m odify corn genotypes to
su p p o rt low er toxin levels.
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CHAPTER 4

EVIDENCE FOR CUTINASE PRODUCTION BY ASPERGILLUS FLAVUS
AN D ITS POSSIBLE ROLE IN FUNGAL INFECTION
OF MAIZE KERNELS
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INTRODUCTION

M any pathogenic fungi penetrate plants directly (4-20, 4-50). The first
physical barrier encountered by these pathogens is the p lant cuticle, a
hydrophobic structure covering the layer of epiderm al cells (4-21, 4-22, 4-25).
Strong evidence exists that cutinase released during the first steps of plant
invasion is involved in penetration of this barrier and, thus, constitutes a
crucial factor in pathogenicity (4-52). The presence of cutinase activity in
fungal cultures grow n on purified cutin as the sole carbon source has been
reported for over 20 plant pathogens, and the role of cutinase in
pathogenicity has been proposed for several host-pathogen system s (4-21, 425).
P reharvest infection of m aize (Zea mays L.) kernels by Aspergillus
flavus Link:Fr. causes ear and kernel rot (4-50), resulting in reduced grain
quality and, potentially, aflatoxin contam ination of grain. The initial
association of A. flavus only w ith storage rots led to the assum ption that
the fungus has no, or only limited, parasitic abilities (4-53). Its w idespread
occurrence in the field, how ever, suggests that A, flavus m ay have parasitic
abilities (4-2,4-17, 4-29,4-30,4-31,4-32,4-40, 4-46).
The pericarp is the outerm ost layer of corn kernels and is m ade up of
several layers of cells differing in their degree of degradation and cell wall
thickness (4-54). It affords considerable protection against invasion of the
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kernel by pathogens. Research show s that A. fla m s can produce cell wall
degrading enzym es such as pectinases, and that those enzym es m ay play a
role in this fungal-plant interaction (4-7, 4-8, 4-10). To aid in penetration,
m any pathogens secrete extracellular cutinase to hydrolyze cutin, a polyester
of Ci 6- to Cis-length hydroxy fatty a d d s, in plant cutides (4-4, 4-22,4-37).
M uch published evidence supports the hypothesis that cutinase facilitates
penetration of the cuticle by plant pathogenic fungi (4-14,4-24, 4-26, 4-34, 452). H ow ever, cutinase production by A. flavus has not been investigated.
The purpose of the present study was to determ ine w hether A.
flavus produces cutinase, and if so, to determ ine the role of cutinase in the
Aspergillus-maize pathosystem . A prelim inary report has been published
(4-15).
MATERIALS AND METHODS
Fungal culture an d m aterials: Aspergillus flavus strain 13 w as obtained
from USDA/ARS/SRRC N ew Orleans, Louisiana, an d m aintained on V 8
juice agar plates (5% V8 juice, 2% agar, v /v ) at 28°C. This strain produces
large quantities of aflatoxins (4-6, 4-9). Conidia from 7-day-old cultures
suspended in deionized w ater served as inoculum. Purified apple cutin and
cutinase from Pseudomonas putida (4-44) w ere provided by Dr. P. E.
K olattukudy, Biotechnology Center, Ohio State U niversity, Columbus.
C utinase, a crude preparation from a select strain of Pseudomonas sp., also
w as purchased from InterSpex Products, Inc. (1155 Chess Drive, Suite 114,
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Foster City, CA 94404). All other chemicals w ere obtained from Sigma
Chemical C om pany (P.O. Box 14508, St. Louis, MO).
Plate assay: C utinase production by A. flavus w as studied using an esterase
assay. A suspension (10 |il) of A. flavus conidia (106/ml) w as inoculated
onto A & M m edium (4-1), m odified to include 1.5% noble agar instead of
agar and 50 mM potassium phosphate (pH 8 ). Sucrose as the sole carbon
source was replaced w ith 0.5% purified apple cutin, 0.3% apple cutin plus
0.3%16-hydroxyhexadecanoic acid (cutin m onom er), or 0.5% glucose.
Glucose w as included because it w as reported to suppresse cutinase
production (4-33). Purified cutin and the cutin m onom er served as inducer
for cutinase production (4-33, 4-36). The control plates contained modified
A & M m edium w ith 0.5% sucrose or no carbon source. Cultures were
incubated at 28°C in darkness. After 5 days, fungal colonies (3 cm in
diam eter) had form ed. The culture plates were overlaid w ith staining agar
(50 mM potassium phosphate (pH 8 ), 0.5 mM p-nitrophenyl butyrate (PNB),
1.5% agarose).

Presence of yellow color in the staining agar above the

fungal colonies indicated production of esterase, w hich catalyzed production
of pigm ented p-nitrophenol from PNB (4-23, 4-47).
Enzym e isolation: A. flavus w as grow n in Roux bottles each containing 100
ml of liquid A & M m edium m odified to include 50 mM potassium
phosphate buffer at either pH 6 or 8 , and 0.5 g of pow dered apple cutin as the
sole carbon source. The cultures w ere incubated at 28°C in darkness for 21 d.
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C ultures then w ere filtered twice through W hatm an No. 1 pap er (W hatman
International, Ltd., M aidstone, England). The filtrate was centrifuged at
10,000 g for 15 m in to pellet rem aining mycelia and spores, and the

supernatant w as lyophilized. The lyophilized m aterial w as resuspended in
phosphate buffer (pH 8 ). Proteins in the resuspended phosphate buffer were
precipitated w ith am m onium sulfate. Pow dered am m onium sulfate w as
added slowly w ith stirring on ice until 30%, 50%, or 75% saturation was
achieved. The precipitate was collected by centrifugation at 15,000 g for 15
m in, dissolved in a m inim al volum e of phosphate buffer (pH 8 ), and
dialyzed overnight against the same buffer at 4°C.
C utinase activity in A. flavus culture liquids and in final am m onium
sulfate precipitated fractions w ere m onitored spectrophotom etrically. The
reaction m ixtures (1 ml) contained 50 mM phosphate buffer (pH 8.0), 11.1
m g of Triton X-100, 0.42 mM PNB, and proportional am ounts of protein (1:
1, 1:10, 1:25, 1:50, v /v ). Absorbance of the reaction m ixture was m easured at
405 nm using a Uvikon 860 spectrophotom eter (Beckman Instrum ents, Inc.,
Irvine, CA 92713), indicating the release of p-nitrophenyl from PNB. To test
if the cutinase produced by A. flavus w as a serine esterase, the cutinase
activity assay also included 0.005 mM diisopropyl fluorophosphate (DFP), a
know n inhibitor of serine esterase activity (4-34, 4-47).
Electrophoresis: The 30% am m onium sulfate precipitation fraction from A.
flavus culture filtrate at p H 8 and commercial cutinase from Pseudomonas

63
sp. were separated using native polyacrylam ide gel electrophoresis.
Separation of proteins w as carried out on a 14% running gel w ith a 4%
stacking gel. Gels w ere run for 13 h at 4°C and 100 V constant current. Gels
were then w ashed twice for 20 m in each in 100 mM Tris-HCl, p H 8 .
Detection of esterase activity w as accomplished using the indoxyl acetate
assay (4-11). The indoxyl acetate substrate (35 mg) was dissolved in 1 ml of
acetone and added to 49 m l of 100 mM Tris-HCl, p H 8 . Gels w ere incubated
at room tem perature in the substrate solution w ith constant agitation until
bands of desired intensity appeared.
The dense band from the 30% am m onium sulfate fraction from A.
flavus was cut from the gel. Slices (3 to 5 mm) w ere frozen in liquid
nitrogen and ground to a fine pow der using m ortar and pestle. The protein
was extracted from the pow der in phosphate buffer, p H 8 . Sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis was em ployed to determ ine
the m olecular weight. Purified cutinase from Pseudomonas putida and
comm ercial cutinase from Pseudomonas sp. w ere used as controls.
Electrophoresis was done according to Laemmli (4-27) using a 14%
polyacrylam ide separating gel w ith a 4% stacking gel. Protein standards and
corresponding m olecular w eights were: bovine serum album in (66 ,000 ),
ovalbum in (45,000), glyceraldehyde-3-phosphate dehydrogenase (36,000),
carbonic anhydrase (29,000), trypsinogen (24,000), trypsin inhibitor (20,000),
and alpha-lactalbum in (14,200). The gels w ere stained 30 m in w ith 0.25%

64
Coomassie brilliant blue in 40% m ethanol and 10% acetic acid, and
destained overnight.
K ernel inoculation: The m aize genotypes GT-MAS:gk (resistant) and
Pioneer 3154 (susceptible) w ere selected based on results from a previous
stu d y (4-16). Intact kernels w ere surface sterilized in sodium hypochlorite
(0.75%) for 5 min, rinsed in three changes of sterile distilled w ater, and air
dried. The kernels of both genotypes w ere im m ersed in either commercial
bacterial cutinase (100 p g /m l) in phosphate buffer (pH 8 ) or in the 30%
am m onium sulfate fraction (diluted 1:10) from A, flavus . Controls w ere
im m ersed in phosphate buffer (pH 8 ) alone. All kernels w ere incubated 6 hr
at room tem perature prior to inoculation. Needles (20 gauge) w ere used to
w o u n d the kernel endosperm to a depth of 1 mm. The w ounded and non
w ounded kernels of each m aize genotype were im m ersed in a suspension of
A. flavus conidia (106/m l), rem oved im m ediately, and allow ed to dry. Five
kernels of each genotype, w hich constituted one experim ental unit, w ere
placed in a single cell (35 m m in diam eter, 20 m m in height) of a 6 -cell
culture dish (COSTAR®, Cam bridge, MA 02139). Four dishes w ere then
sealed in a plastic food container (180 m m x 150 m m x 90 m m, NAKGEBE®,
N alge Com pany, Rochester, NY 14602) that contained 150 ml w ater to
m aintain high hum idity. Treatm ents w ere replicated 12 times. The
experim ent was conducted twice. The inoculated kernels w ere incubated at
28°C in darkness for 7 days. Following this, kernels w ere dried in a forced
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air oven at 60°C for 2 days to stop further fungal grow th. Levels of aflatoxin
Bi w ere determ ined using official m ethods of the Am erican Oil Chem ists
Society (4-3) w ith m odifications (4-16). Toxin was identified using thin layer
chrom atography and was quantified directly on plates using a scanning
densitom eter w ith a fluorom etry attachm ent (Model CS-930; Shim adzu
Scientific Instrum ents, Inc., Tokyo, Japan).
In a second study, diisopropyl fluorophosphate (DFP), a potent
inhibitor of fungal cutinases (4-34, 4-38,4-39,4-47), was added to suspensions
of A. flavus conidia (106/m l) to yield final DFP concentrations of 0, 0.01 mM,
and 0.1 mM. Kernels of both genotypes that w ere w ounded in endosperm
or not w ounded w ere im m ersed in these am ended conidial suspensions.
Inoculation and incubation techniques w ere as described. Each treatm ent
w as replicated 12 times, and the experim ent w as conducted twice. Aflatoxin
Bi levels w ere m easured as described.
Toxicity of DFP was tested in m aize kernels and in culture. Petri
dishes containing A & M m edium , and kernels of both genotypes, were
inoculated w ith A. flavus conidia suspensions (10 |il) am ended w ith DFP at
the concentrations described above and incubated at 28°C in darkness.
Spore germ ination and hyphae grow th w ere observed using a stereo
m icroscope.
Statistical analysis: Prior to analysis, aflatoxin Bi data w ere subjected to
logio(X+l) transform ation to equalize variances. M ean separations were
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accom plished using LSD. All statistical procedures w ere perform ed using
the SAS system (4-42, 4-43).
RESULTS
Plate assay: A. flavus grew well on A&M m edium am ended w ith cutin as
the sole carbon source. Colonies filled the culture dishes (9 cm in diam eter)
after 7 days (Figure 4-1). Overlay of 5-d-old cultures w ith staining agar
containing PNB resulted in production of the characteristic yellow pigm ent,
w hich indicates that cutinase was produced by A. flavus (Fig. 4-2). W hen
glucose w as provided as sole carbon source, A. flavus grew well but failed to
produce the yellow pigm ent w hen overlaid w ith PNB (Fig. 4-2).
Enzym e isolation: The mycelial m at produced by A. flavus in liquid
m edium containing cutin as the sole carbon source at pH 8 was visibly larger
than at p H 6 , although m ats w ere not w eighed (Fig. 4-3). PNB hydrolysis
activity w as m ost evident in the 30% am m onium sulfate precipitation
fraction from p H 8 culture filtrate (AA405 = 1.75min-imH) (Fig. 4-4). Much
less PNB hydrolysis activity w as observed for the 30% am m onium sulfate
fraction from p H 6 culture filtrate (AA405 = 0.14 m in-im H ) (Fig. 4-4). M inor
color reactions also w ere detected for both the 30-50% and >75% fractions
from p H 8 cultures and the >75% fraction from pH 6 cultures (Fig. 4-4).
Strong color reactions w ere detected in wells containing commercial
bacterial cutinase but not the buffer alone (Fig. 4-4).

67

Fig. 4-1. Aspergillus flavus grow n on A & M m edium w ith no carbon
source (A) or w ith 0.5% glucose (G), 0.5% purified apple cutin (C), or 0.3%
cutin plus 0.3% 16-hydroxyhexadecanoic acid (cutin m onom er) (C+) as the
sole carbon source.
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Fig. 4-2. Plate assay for extracellular esterase (cutinase) activity. Aspergillus
flavus w as grow n on A & M m edium containing 0.3% cutin plus 0.3% 16hydroxyhexadecanoic acid (cutin m onom er) (C+), 0.5% cutin (C), 0.5%
glucose (G), or 0.5% sucrose as the sole carbon source. Colony was overlaid
w ith p-nitrophenyl butyrate (PNB)-containing in agar. Yellow pigm ent in
agar above the colony indicates cutinase production. Panel (A) and (C) were
overlaid w ith PNB agar, (B) was not.
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Fig. 4-3. Aspergillus flavus grow n in A & M liquid containing cutin as the
sole carbon source. Media in left and right flasks w ere adjusted to p H 6 and
pH 8, respectively.
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Fig. 4-4. Spot assay for p-nitrophenyl butyrate (PNB) hydrolysis activity.
From top to bottom row s contained PNB substrate w ith phosphate buffer
(pH 8), fungal culture filtrate at p H 6, fungal culture filtrate at pH 8, and
com m ercial cutinase from Pseudomonas sp. From left to right, colum ns in
second and third row s w ere am m onium sulfate precipitate fractions: 30%,
30-50%, 50-75%, and > 75%.

E lectrophoresis: The 30% am m onium sulfate fraction from A. flavus
culture at p H 8 was separated using native polyacrylam ide gel
electrophoresis (Fig. 4-5). The indoxyl acetate assay indicated a single m inor
and a single major bands, designated C l and C2, respectively (Fig. 4-5). For
com parison, the commercial bacterial cutinase w as also displayed on the
native gel (Fig. 4-5). Analysis of gel slices containing C l or C2 for PNB
hydrolase activity indicated that this was m uch stronger for C2 than for C l
(Fig. 4-6). Incorporation of the inhibitor DFP into reaction m ixtures of C2
(Fig. 4-6) com pletely inhibited PNB hydrolysis (AA405 = 0.05 m in-im H ),
indicating that the cutinase (C2) produced by A. flavus was a serine esterase.
Electrophoresis of C l and C2 along w ith both purified and
com m ercial bacterial cutinases and the 30% am m onium sulfate fraction on
SDS-PAGE show ed the molecular weights for C l and C2 to be 36 kDa and 2223 kDa, respectively (Fig. 4-7). The 30% am m onium sulfate fraction m ixture
had the bands corresponding to bands of C l and C2 and also had som e
m inor bands. The m olecular w eight of cutinase from P. putida w as 30 kDa,
as reported (4-44). Commercial bacterial cutinase had a m ajor band at 30 kDa
and several m inor bands (Fig. 4-7).
K ernel inoculation: Aflatoxin Bi levels w ere low er in resistant GT-MAS:gk
than in susceptible Pioneer 3154 (Table 4-1). W ounding kernels, which by
passed the pericarp as physical barrier (4-16), resulted in increased toxin
levels for both genotypes. T reatm ent of non-w ounded kernels w ith

Native PAGE

Fig. 4-5. N ative gel electrophoresis of 30% am m onium sulfate fraction from
Aspergillus flavus culture filtrate, pH 8 . Bands w ere visulized using indoxyl
acetate. Lanes a and b: commercial cutinase from Pseudomonas sp.; lanes c
and d: 30 pi and 15 pi, respectively, from A. flavus. Two bands (Cl and C2)
w ere detected.

Fig. 4-6. Spot assay for p-nitrophenyl butyrate (PNB) hydrolysis activity.
The C l and C2 (referring Fig. 4-5) w ere separated by native polyacrylam ide
gel electrophoresis, eluted from the gel slices, and assayed using PNB as the
substrate w ith or w ithout esterase inhibitor, diisopropyl fluorophosphate
(DFP). From top to bottom rows contained PNB substrate w ith phosphate
buffer (pH 8 ), C l, C2, and commercial cutinase from Pseudomonas sp. From
left to right, colum ns in second and third row s contained: first tw o wells
w ithout DFP an d last three wells w ith DFP.
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b

SDS-PAGE

Fig. 4-7. Sodium dodecyl sulfate polyacrylam ide gel electrophoresis of
cutinase from Aspergillus flavus grow n on A & M m edium containing
cutin as sole carbon source. Lanes a: m olecular w eight m arkers; lanes b and
c: 30 pi and 15 pi, respectively, of 30% am m onium sulfate fraction from A.
flavus liquid culture at p H 8 ; lane d: C2 (22-23 kDa); lane e: C l (36 kDa); lane
f: purified cutinase (30 kDa) from Pseudomonas putida; lane g: commercial
Pseudomonas sp. cutinse.
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TABLE 4-1. A flatoxin Bj production by Aspergillus flavus in kernels of
susceptible (Pioneer 3154) and resistant (GT-MAS:gk) m aize genotypes
follow ing treatm ent w ith exogenous cutinasea.
Treatm ent

Pioneer 3154

Intact kernels

2786 ± 852b b

- GT-MAS:gk

1891 58

b

W ounded kernelsc

45411 938

Cutinase (Bacterial)d

41941 1107 a

19581 758

a

C utinase (A. flavus)c

39851837

1267 1 825

a

a

a

22561 1406 a

a The kernels w ere treated w ith cutinase prior to inoculation w ith A. flavus.
Data are expressed as m eans ± SE from tw o experiments. Means for each
genotype followed by the sam e letter did not differ significantly (P >0.05).
b Analyses were done on transform ed [logio(X + 1)] data, but presented
m eans are not transform ed.
c Prior to inoculation, kernel endosperm w ounded to a depth of 1 m m using
20 gauge needle.
d C utinase (100 p g /m l) purified from Pseudomonas sp.
e C utinase from 30% am m onium sulfate precipitation fraction of A. flavus
culture filtrate. D iluted 1:10 prior to use.
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bacterial cutinase or the 30% am m ounium sulfate fraction from A. flavus
culture (pH 8 ) also resulted in increased toxin levels (Table 4-1). These
levels w ere sim ilar to those obtained in w ounded kernels that did not
receive cutinase treatm ent.
Diisopropyl fluorophosphate (DFP), which w as m ixed w ith the
suspension of A. flavus conidia prior to inoculation, resulted in reduced
aflatoxin levels in intact and w ounded kernels of Pioneer 3154 and in
w ounded kernels of GT-MAS:gk (Table 4-2). DFP concentration of 0.01 and
0.1 mM gave similar results. Aflatoxin levels in intact kernels of GTMAS:gk w ere not changed by DFP treatm ent, bu t those in w ounded kernels
were reduced dram atically by DFP (Table 2). DFP virtually prevented
infection by A. flavus, evidenced by less fungal grow th and fungal
sporulation on inoculated kernel surfaces (data not shown). Lower levels of
aflatoxin in kernels treated with DFP w ere not due to a general toxicity of
this chemical to the fungus. Microscopic exam inations show ed that spore
germ ination and hyphae grow th on m edium and on kernels w ere not
influenced by DFP at any tested concentration (data not shown).
DISCUSSION
Preharvest infection of m aize kernels by A. flavus and subsequent
aflatoxin production can result from several m echanism s. The consistent
association of insect dam age w ith fungus sporulation and aflatoxin
production (4-53) suggests that insects play a major role in aflatoxin
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TABLE 4-2. A flatoxin Bi production by Aspergillus flavus in kernels of
susceptible (Pineer 3154) and resistant (GT-MAS:gk) m aize genotypes
inoculated w ith conidial suspension m ixed w ith cutinase inhibitor
diisopropyl fluorophosphate a.
Pioneer 3154
DFP (mM)I

Intact

W oundedb

GT-MAS:ek
Intact

W ounded

0

3752 ± 643c a

54591 1036 a

2431 87 a

0.01

1858± 527 b

22321 938 b

2511 100 a

290 1 57

b

0.1

11671 689 b

16901 629 b

166 1 46 a

101 5

b

21341 1063 a

a The kernels w ere inoculated w ith the inoculum of Aspergillus flavus
conidia suspension prior mixed w ith cutinase inhibitor diisopropyl
fluorophosphate. Data are expressed m eans ± SE from two experim ents.
M eans w ithin colum n followed by the sam e letter did not differ significantly
(P >0.05).
b Prior to inoculation, kernel endosperm w ounded to a d ep th of 1 m m using
20 gauge needle.
c Analyses w ere done on transform ed [logio(X + 1)] data, but presented
m eans are not transform ed.
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contam ination of maize kernels in the field. Insect feeding dam age
provides infection courts for the fungus, thus bypassing defense
m echanism s associated w ith an intact kernel pericarp (4-16, 4-18). A. flavus
also can colonize silks and developing kernels in the absence of insect
dam age (4-35). However, reports (4-2,4-17, 4-19,4-28,4-31) of undam aged
kernels containing aflatoxin suggest that direct penetration of m aize kernels
by A. flavus m ay be m ore im portant than once thought. Past studies
show ed that A. flavus produces pectinases, which aid in colonization of
cotton bolls (4-7, 4-8, 4-10). O ur results show that A, flavus produces
cutinase w hen provided purified cutin as the sole carbon source. Spot assays
with PNB as indicator show ed that m ost cutinase activity was obtained in
the 30% am m onium sulfate fraction from A. flavus culture at pH 8 . N ative
and SDS-PAGE show ed two bands with PNB-hydrolysis activity. Strongest
activity w as in C2.
Studies show ed that addition of supplem ental cutinase affected
aflatoxin production by A. flavus in maize kernels. Aflatoxin levels in
intact kernels of both resistant and susceptible m aize genotypes w ere
increased by pre-treatm ent w ith cutinase to levels sim ilar to those in
w ounded kernels. This suggests that resistance to aflatoxin production in
resistant genotype GT-MAS:gk is d u e in p a rt to the cutin layer of the intact
pericarp, and agree with other results that attribute resistance in this
genotype to cutin and wax in the pericarp (4-16). A ddition of exogenous
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cutinase m ay have rem oved portions of the cutin barrier and resulted in
elevated toxin levels for GT-MAS:gk. A lthough the lack of resistance in
Pioneer 3154 m ay be due to low er levels of cutin and wax factors, the
supplem ental cutinase also increased the levels of aflatoxin in this genotype.
All fungal cutinases purified thus far are serine esterases and therefore are
inhibited by diisopropyl fluorophosphate (DFP) (4-21, 4-24,4-25). That
addition of DFP to A. flavus inoculum resulted in reduced aflatoxin
production in kernels suggests that the cutinase produced by A. flavus m ay
be a serine esterase. DFP reduced cutinase activity, and consequently
aflatoxin production, in w ounded kernels of GT-MAS:gk and in both
w ounded and intact kernels of Pioneer 3154. This suggests a role for
cutinase in colonization of susceptible Pioneer 3154 kernels. That DFP had
no effect on toxin levels in intact GT-MAS:gk kernels m ay show the lim ited
effect of cutinase produced by germ inating spores on the physical pericarp
barrier form ed in this genotypes (4-16). This finding m ay indicate that
secretion and accum ulation of the enzym es m ay be im portant during
establishm ent of A. flavus in intact kernels in the field.
It is interesting that, under m ild acidic condition (pH 6 ), A. flavus
show ed less grow th and m arkedly less PNB hydrolysis activity than under
m ild alkaline condition (pH 8 ). This suggests a preferred pH for cutin
utilization by A. flavus. Koller and Parker (4-25) noted that all cutinases
w ith alkaline pH optim a for cutin hydrolysis have been purified from stem-
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infecting pathogens, w hereas cutinases w ith slightly acidic optim a w ere
derived from pathogens prim arily infecting leaves.

Trail and Koller (4-51)

present evidence to support the hypothesis that two different forms of
cutinase are involved in the expression of tissue specificity. Cutin
hydrolysis w as optim al at pH 6.5 for the leaf pathogen Cochliobolus
heterostrophus, and at pH 8.5 for the stem -based pathogen Rhizoctonia
solani (4-51). The pH profile observed for Alternaria brassicicola, a pathogen
that infects both leaves and stems, exhibited two distinct optim a (pH 7.0 and
9.0) (4-51). C utin hydrolysis by cutinase from Venturia inaequalis, the causal
agent of apple scab, was optim al at p H 6.0 (4-25). A similar relationship m ay
exist for the A. flavus-m aize pathosystem .
Previous studies of cutinases from necrotrophic fungi have addressed
the induction of enzym e synthesis (4-55), the m echanism of induction (4-33,
4-38), and the role of such enzym es in plant-pathogen interactions (4-13, 421 , 4-22, 4-45, 4-51). Studies involving monospecific antisera to cutinase, the

cutinase inhibitor DFP, and transform ation of the papaya w ound pathogen
Mycosphaerella sp. w ith the cutinase gene have dem onstrated the
im portance of this enzym e to fungi that penetrate their hosts directly (4-12,
4-14, 4-34). In contrast, other investigations question the im portance of
cutinase to fungal penetration (4-5, 4-48, 4-49). Production of cutinase by
pathogens in culture is not conclusive proof of a role for these enzym es in
pathogenicity in natural condition (4-41, 4-48), and the involvem ent of
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cutinase in infection and penetration of the cuticle has not been clarified for
A. flavus. This report is first to dem onstrate that A. flavus can produce
cutinase and that this enzym e m ay be involved in the establishm ent of the
fungus in intact kernels in the field via direct enzym atic penetration.
A lthough cutinase is know n to catalyze hydrolysis of PNB by a m echanism
sim ilar to that involved in cutin hydrolysis (4-39), PNB hydrolysis activity
alone can not be taken as conclusive evidence for production of cutinase,
even in the presence of cutin as the sole carbon source. Further studies will
need to assay directly for cutin hydrolysis using radio labeled cutin.
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CHAPTER V

QUANTITATIVE A N D QUALITATIVE DIFFERENCES
IN CUTICLE W A X B E T W E E N KERNELS O F
MAIZE GENOTYPES RESISTANT
A N D SUSCEPTIBLE T O
ASPERG ILLUS FLAVUS
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INTRODUCTION
An im portant function of a plant cuticle is protection against
pathogens (5-16). The cuticle provides a physical barrier to the entry of
fungi, bacteria and viruses (5-16, 5-17), and also plays a role in protecting
plants against insects (5-15, 5-22).
The cuticle wax is a complex m ixture of aliphatic com pounds such as
hydrocarbons, alkyl esters, aldehydes, and prim ary alcohols (5-16). The very
long chains of the wax organic com pounds are synthesized in the epiderm is
starting from long chain C16-C18 fatty acids as substrates w ith successive
additions of C2 units (5-12, 5-13). Biosynthetic processes are under genetic
control, as proved by am ounts and chemical composition of epicuticular
waxes from several m utants of various plants including corn (5-2, 5-3).
Such effects consist of a reduction in wax production and a variation in the
relative ratios betw een wax constituent classes (5-2, 5-3, 5-16, 5-22). Another
g roup of com pounds, the terpenoids, have been identified as constituents of
plant waxes (5-16, 5-22). The sesquiterpene farnesene, diterpene com pounds,
and triterpene derivatives such as fi-amyrin, lupeol, betulin, and squalene
have been isolated from plant waxes (5-16, 5-22). Induction of plant
phytoalexins such as sesquiterpenoids (C15) and helioddes (C25 terpenoid
aldehydes) which affected aflatoxin production (5-24) was reported (5-23, 525). Heliocides w ere show n to be natural insecticides (5-23).
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Genotypic variation in aflatoxin accum ulation has been described in
m aize (5-9). Am ong these genotypes, resistance w as associated w ith the
intact pericarp, which includes both wax and cutin layers, and serves as a
physical barrier to infection. Resistant genotypes had m ore wax on kernel
surfaces than did susceptible genotypes (5-20). The present study was
undertaken to define the role of kernel surface wax as a physical barrier.
The specific objectives were: (1) to m easure am ounts of surface wax on
resistant and susceptible m aize genotypes, (2 ) to identify antifungal
properties of wax, and (3) to describe differences in chemical constituents of
wax am ong the genotypes tested.
MATERIALS AND METHODS
M aize genotypes and fungus strain: Commercial m aize hybrids Deltapine
G-4666, ORO 188, and Pioneer hybrid 3154 (susceptible to aflatoxin
accum ulation) were selected based on previous studies (5-8, 5-9) and
obtained from respective seed companies. Resistant m aize population GTMAS.gk was obtained from the Insect Biology and Population M anagem ent
Research Laboratory, Tifton, GA. Kernels of all genotypes w ere free of
fungicides, insecticides, or dyes norm ally applied to seed prior to sale.
G enotypes w ere stored at 4<>C prior to testing.
Strain 13 of A. flavus was obtained from USDA/ARS/SRRC, N ew
Orleans, LA, and was used in all studies. This strain produces large
quantities of aflatoxin in culture and in developing cottonseed and maize
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kernels (5-5, 5-6). The fungus was grow n on V8 juice agar plates (5% V8
juice, 2 % agar, v /v ) at 30°C in darkness. Plugs (3 m m in diam eter) from
sporulating 4-day-old cultures were stored at 4°C on a long-term basis in
vials that contained 5 ml of distilled w ater (5-6, 5-8). Conidia from 7-day-old
cultures were used as inoculum (106/m l) (5-7).
A m ounts and antifungal properties of kernel surface wax: Kernels (100 g)
from each of the four genotypes w ere im m ersed in 200 ml chloroform for 1
min at room tem perature w ith stirring. Kernels w ere rem oved, chloroform
was evaporated to dryness, and am ounts of wax from each genotype were
determ ined. Each treatm ent was replicated four times, and the study was
conducted three times. Wax obtained in each study was used to test for
antifungal properties as described below. Each of these studies was
conducted only once.
In the first study, wax from 100 g kernels of each genotype w as mixed
w ith 100 ml A & M m edium (5-1) and autoclaved. M odified A & M
m edium was poured into petri dishes and inoculated w ith A. flavus conidia
suspension (10 pi). The inoculated plates w ere incubated at 28°C in
darkness. Control plates contained A & M m edium only. Treatm ents were
replicated five times. Spore germ ination, hyphae elongation, and colony
diam eter w ere noted at 24 hr intervals following the inoculation.
In the second study, wax from 100 g kernels of each genotype was
dissolved in 3 ml chloroform. The wax in chloroform then w as m ixed w ith
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autoclaved A & M m edium (100 ml). The m ixture w as poured into petri
dishes, which w ere covered loosely for 2 hr before inoculation to allow the
chloroform to evaporate. Plates then w ere inoculated w ith an A. flavus
conidial suspension (10 pi). The control plates w ere A & M m edium alone
and A & M m edium am ended w ith chloroform. Treatm ents w ere
replicated five times.

Plates were incubated at 28°C in darkness. Spore

germ ination, hyphae elongation, and colony diam eter w ere noted at 24 hr
intervals.
In the third study, wax from 100 g kernels from each genotype was
dissolved in 3 ml acetone. The wax in acetone then was m ixed w ith
autoclaved A & M m edium (100 ml). The m ixture was poured into petri
dishes and inoculated with A. flavus conidia suspension (10 pi). The
control plates were A & M m edium alone and A & M m edium am ended
w ith acetone. Treatm ents were replicated five times. Plates were covered
loosely for 2 hr before inoculation to allow acetone to evaporate. The
inoculated plates were incubated at 28°C in darkness. Spore germ ination,
hyphae elongation, and colony diam eter were noted at 24 hr intervals.
Wax com position chem ical analysis: Surface wax from kernels (100 g) of
Deltapine G-4666, ORO 188, Pioneer 3154, and GT-MAS:gk w as rem oved
using chloroform as described. Chloroform was evaporated to dryness
under a stream of N 2. Residual wax was redissolved in chloroform and
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transferred to a small vial. Chloroform again was evaporated under N 2, and
wax w as dissolved in a m inim al am ount of hexane (0.5 ml).
Com position of the waxes was determ ined using thin-layer
chrom atography (TLC) plates (Kieselgel 60 F254,20 x 20, EM SCIENCE, 480
Democrat Road, Gibbstown, NJ 08027). Plates w ere developed at am bient
tem perature (20-25°C) in glass tanks (25 x 25 x 7 cm) by the ascending solvent
technique. The tank lid was greased to m ake an airtight seal and tank walls
w ere lined with chrom atography paper (W hatm an No. 1, W hatm an
International Ltd., M aidstone, England) to ensure th at the tank atm osphere
w as saturated w ith solvent vapor. Three solvent systems w ere used:
m ethylene chloride, benzene:chloroform (7:3 v:v), and chloroform :ethyl
acetate (1:1, v:v) (5-15). Wax com ponents w ere visualized by spraying
chrom atogram s with concentrated H 2SO 4 (5-10). The TLC plates developed
in benzene:chloroform (7:3 v:v) w ere analyzed using a chrom atogram
analysis program (NIH Image, version 1.54).
Wax extracts from all genotypes, as well as individual com pound (P4
from GT-MAS:gk wax), w ere analyzed using gas chrom atography-m ass
spectrom etry available in the D epartm ent of Chem istry, Louisiana State
U niversity.
Statistical analysis: Data were subjected to the analysis of variance procedure
of the Statistical Analysis System (SAS) (5-18, 5-19). M ean separations were
accomplished using least significant difference.
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RESULTS
A m ounts an d antifungal properties of kernel surface wax: Kernels of GTMAS:gk had significantly m ore surface wax than did the other genotypes,
and there w ere no differences betw een am ounts of wax from the other
genotypes. W eight of w ax from 100 g kernels w ere 10, 7.5,8.0, and 8.5 m g for
GT-MAS:gk, Pioneer 3154, ORO 188, and Deltapine G-4666, respectively.
A ntifungal properties of kernel waxes w ere exam ined in three
studies. In the first study, diam eters of A. flavus colonies at 7 days were
reduced on A & M m edium containing autoclaved wax from ORO 188
(Table 5-1). Colony diam eters w ere not affected by autoclaved wax from the
other genotypes.
In the second and third studies, colony diam eters w ere reduced on
m edium containing GT-MAS:gk wax in chloroform or acetone, respectively
(Table 5-1), but not by addition of wax from the other genotypes tested.
Wax com position: Thin layer chrom atography show ed differences among
kernel wax from m aize genotypes tested in all three solvent systems. A
band unique to GT-MAS:gk had Rf values of 0.3, 0.81, and 0.4 in
benzene:chloroform (7:3 v:v) (Fig. 5-1), chloroform :ethyl acetate (1:1, v:v)
(Fig. 5-2), and m ethylene chloride (Fig. 5-3), respectively. This unique band
was designated P4 (Fig. 5-4).
The solvent system benzene:chloroform (7:3, v:v) show ed the best
separation of kernel wax components. Therefore, this chrom atogram was

94
TABLE 5-1. Aspergillus flavus colony diam eter (mm) w hen grow n on A &
M m edium am ended w ith m aize kernel w ax from various m aize
genotypes3.
Study 2
Wax in chloroform

Study 3
Wax in acetone

G enotype/
T re a tm e n t

Study 1
A utoclaved wax

ORO 188

30±3b b

35±4

a

36± 2 a

Pioneer 3154

80±6

a

37± 5

a

36± 3 a

Deltapine G-4666 78±4

a

38± 6

a

35± 4 a

GT-MAS:gk

79±6

a

21± 3

b

22± 4 b

A & M alone

80±2

a

39± 2

a

38± 4 a

A &M
+ chloroform

---c

38± 3

a

---

—

A &M
+acetone

—

39± 5 a

3 A dye & Mateles (A & M) m edium (5-1). Colony diam eter w as m easured
on day 7 for study 1, and day 5 for studies 2 and 3.
b M ean ± SE. W ithin columns, m eans followed by the sam e letter did not
differ significantly (P > 0.05) according to LSD. M ean was obtained from five
observations.
c N ot determ ined.
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Fig- 5-1. Thin layer chrom atographic separation of kernel waxes developed
in benzene-chloroform (7:3 v /v ). Lane 1 (30 pi), lane 2 (15 pi), and lane 3
(30 pi) waxes from GT-MAS:gk; lane 4 (15 pi) and lane 5 (30 pi) waxes from
Pioneer 3154; lane 6 (15 pi) and lane 7 (30 pi) waxes from ORO 188; lane 8 (15
pi) and lane 9 (30 pi) waxes from Deltapine G-4666. Spots w ere visualized by
spraying chrom atogram s w ith concentrated sulfuric acid.
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Fig. 5-2. Thin layer chrom atographic separation of kernel waxes developed
in chloroform -ethyl acetate (1:1 v /v ). Lane 1 (30 pi), lane 2 (15 pi), and lane
3 (30 pi) waxes from GT-MAS:gk; lane 4 (15 pi) and lane 5 (30 pi) waxes from
Pioneer 3154; lane 6 (15 pi) and lane 7 (30 pi) waxes from ORO 188; lane 8 (15
pi) an d lane 9 (30 pi) waxes from Deltapine G-4666. Spots were visualized by
spraying chrom atogram s w ith concentrated sulfuric acid.
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Fig. 5-3. Thin layer chrom atographic separation of kernel waxes developed
in m ethylene chloride. Lane 1 (30 pi), lane 2 (15 pi), and lane 3 (30 pi) waxes
from GT-MAS:gk; lane 4 (15 pi) and lane 5 (30 pi) waxes from Pioneer 3154;
lane 6 (15 pi) and lane 7 (30 pi) waxes from ORO 188; lane 8 (15 pi) and lane 9
(30 pi) waxes from Deltapine G-4666. Spots w ere visualized by spraying
chrom atogram s w ith concentrated sulfuric acid.

Relative

Density

front
origin

Distance from origin to solvent front

Bottom of the Plate

Fig. 5-4. Relative density scans from thin-layer chromatography separations of kernel surface waxes from Pioneer
3154, ORO 188, Deltapine G-4666, and GT-MAS:gk. These correspond to lanes 4, 6, 8, and 2, respectively, in
Fig. 5-1.
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analyzed using the N IH Im age com puter program , w hich m easures relative
density and location of spots on chrom atograms. Seven peaks w ere
identified. Based on
=0.14), P3(i,

(R f

Rf

values, these were designated PI

=0.21), P3(2) (R f =0.25), P4

(R f

=0.3), P5

(R f

(R f

=0.065), P2

=0.48), and P6

(R f

(R f

=0.91) (Fig. 5-4). PI and P2 w ere present in all genotypes, b u t relative
densities w ere lower in resistant GT-MAS:gk (Fig. 5-4). P6 w as present in all
genotypes, at approxim ately equal density (Fig. 5-4). P3(ij and P3(2) were
present in both Deltapine G-4666 and GT-MAS:gk (Fig. 5-4 and 5-7). Of
particular interest were P4 and P5. P4 was present only in GT-MAS:gk and
P5 was present in all genotypes except GT-MAS:gk (Fig. 5-4).
The wax extracts from all four genotypes were exam ined using gas
chrom atography (GC) (Fig. 5-5). M ost com pounds had retention times
around 15 min. Two unusual peaks were observed from GT-MAS:gk, with
retention times of 21 and 23 m inutes (Fig. 5-5). These w ere absent in
Pioneer 3154 and Deltapine G-4666 (Fig. 5-5). But ORO 188 had the two
similar peaks w ith very low levels (Fig. 5-5).
P4 from GT-MAS:gk was eluted from TLC and exam ined using GC.
P4 resulted in one single peak with retention time about 25.2 m in (Fig. 5-6).
Gas chrom atography-m ass spectrom etry analysis results show ed that GTMAS:gk had a peak w ith retention time of 23 m in (Fig. 5-5) and the MS m /z
of about 430 [Fig. 5-7 (a) ]. The P4 peak w ith retention time of 25.2 m in (Fig.
5-6) had MS m /z of about 220 [Fig, 5-7 (b)].
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Fig. 5-5. Gas chromatograms of kernel surface wax extracts from Pioneer 3154, ORO 188, Deltapine G-4666, and GTMAS:gk.
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DISCUSSION
Previous studies show ed that structural com ponents of kernel
pericarps (wax and cutin) w ere associated w ith resistance to aflatoxin
production in resistant genotype GT-MAS:gk (5-9). In the present study, GTMAS:gk had significantly m ore wax on kernel surfaces than did the other
genotypes tested. These results agree w ith those of Tubajika et al. (5-20),
w ho tested sim ilar genotypes.
K oidsum i (5-11) reported antifungal activity against A. flavus in
cuticular lipids of certain insects. The active antifungal constituents of
cuticular lipids were free m edium -chain saturated fatty acids, such as
caprylic acid or capric acid, which occur naturally in the cuticle (5-11). Corn
cuticular lipids from leaf affected the feeding habits of fall arm yw orm
larvae, Spodoptera frugiperda, but grow th of larvae was not inhibited by
individual lipid com ponents (5-22). In the present study, antifungal action
against A, flavus colony grow th was observed only w ith wax from resistant
GT-MAS:gk in both chloroform or acetone. In one experim ent, autoclaved
wax from ORO 188 show ed antifungal activity against A. flavus, w hereas
wax from other genotypes, including GT-MAS:gk, show ed no effect. This
result is difficult to explain b u t m ay be an artifact of autoclaving wax. A
previous study show ed Deltapine G-4666 to have interm ediate susceptibility
to A. flavus infection and aflatoxin production (5-9). That wax from this
genotype w as not antifungal show ed that this interm ediate resistance was
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d u e to som ething other than wax. Guo et al. (5-9) reported that resistance to
A. flavus colonization and aflatoxin accum ulation also m ay result from
physiological or chemical factors w ithin kernels. Such a m echanism m ay be
functioning in D eltapine G-4666.
C om pound

P4

was unique to GT-MAS:gk kernel wax. Based on

Rf

values from all three solvent systems, its identity m ay be sim ilar to the
tri terpenoids lupeol an d S-amyrin

(5 -1 0 ).

form ula, C 30H 50O (molecular w eight

These com pounds have the sam e

4 2 6 .7 4 ) (5 -2 1 ).

that this com pound had a retention tim e of about
430,

23

m in and m /z of about

which indicates a molecular w eight similar to that of these

triterpenoids. It is interesting that
of

GC-MS analysis showed

2 5 .2

min, w hich w as

and MS m /z of

218,

2 .2

P4

from GT-MAS:gk had a retention tim e

m in longer than the unique peak in GT-MAS:gk,

which is about half of

430.

Squalene (C30), another

tri terpenoid, is form ed by the head-to-head condensation of tw o molecules
of farnesol pyrophosphate, a sesquiterpenoid (C15)

(5 -4 , 5 -1 6 ).

Sesquiterpenoids w ere reported as phytoalexins (5-25) and could be induced
by volatile elicitors (5-24, 5-25). The volatile affected aflatoxin production on
corn (5-23, 5-24).
O ur results suggest that P4 m ay be a sesquiterpenoid and the
building block of the unique com pound present in GT-MAS:gk wax. Future
research is needed to answ er this question.
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CHAPTER VI

S U M M A R Y A N D CONCLUSIONS
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G enotype differences in aflatoxin Bj accum ulation w ere
dem onstrated betw een GT-MAS:gk, a m aize population, and thirteen maize
hybrids. M ost commercial hybrids supported high levels of aflatoxin
production, w ith no differences in aflatoxin levels betw een intact and
w ounded kernels of these genotypes. H ow ever, different results w ere
obtained from four of the 13 hybrids and the m aize population GT-MAS:gk.
Levels of aflatoxin accum ulation in intact kernels of these genotypes were
lower than in the previous susceptible group of genotypes. In addition,
aflatoxin levels w ere higher in w ounded than in intact kernels. GT-MAS:gk
not only supported the low est levels of aflatoxin production in intact
kernels, b u t aflatoxin levels in endosperm -w ounded kernels also w ere
significantly lower in GT-MAS:gk than in w ounded kernels of all tested
hybrids.
T reatm ent w ith KOH to rem ove cutin from intact kernels prior to
inoculation w ith A.flavus effected substantial increases in aflatoxin
accum ulation in GT-MAS:gk, b u t only m arginal increases in the susceptible
hybrid Pioneer 3154. Removing wax from the surface of GT-MAS:gk kernels
greatly increased the susceptibility of this genotype to aflatoxin
accum ulation. W hen wax rem oval was com bined w ith treatm ent w ith
KOH or purified cutinase, aflatoxin levels in kernels w ere equal to those in
w ounded control kernels in both genotypes. These results indicated that
wax and cutin layers of maize kernel pericarps m ay play a role in resistance
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to aflatoxin accum ulation in GT-MAS:gk. H ow ever, results suggest further
that resistance in GT-MAS:gk also m ay be due to other preform ed
com pounds as well.
Kernels of m aize population GT-MAS:gk, resistant to aflatoxin Bi
production by A. flavus, and susceptible Pioneer hybrid 3154 w ere tested for
aflatoxin production w hen incubated u n d er different relative hum idities
(RH). High aflatoxin levels w ere not detected in either genotype at RH <
91%. Resistance in GT-MAS:gk was consistent across all RH levels (91 100%). Aflatoxin levels in GT-MAS:gk averaged about 98% less than in
susceptible Pioneer 3154, which suggests that storage of this or other
genotypes w ith sim ilar resistance m echanism s m ay be possible under
m oisture conditions less exacting than are required w ith susceptible hybrids.
Results of aflatoxin determ ination w ere consistent w ith those results
obtained for fungus grow th and sporulation ratings on kernel surfaces.
W hen kernels of both genotypes w ere preincubated 3 d at 100% RH prior to
inoculation w ith A. flavus, kernel germ ination increased to very high
levels com pared to kernels that w ere not preincubated. In preincubated
kernels aflatoxin levels rem ained consistently low in GT-MAS:gk bu t
decreased m arkedly (61%) in Pioneer 3154. W hen eight susceptible hybrids
w ere evaluated for aflatoxin accum ulation in preincubated kernels, seven of
these supported significantly low er toxin levels than kernels not subjected
to preincubation. Average reduction across hybrids w as 83%, and reductions
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w ithin hybrids ranged from 68-96%. Preincubated kernels of one susceptible
hybrid (Deltapine G-4666) supported aflatoxin levels com parable to those in
resistant GT-MAS:gk. Results indicate that an inhibitor of aflatoxin
biosynthesis m ay be induced in the kernel germ ination process.
A, flavus can infect non-dam aged kernels and produce aflatoxin
before harvest. Experiments w ere conducted to determ ine if A. flavus could
p roduce cutinase, and if so, to investigate its role in pathogenicity. Plate
assays in vitro show ed that A. flavus can grow using purified cutin as the
sole carbon source and that it secretes extracellular cutinase. A. flavus grew
better in liquid culture at pH 8 than at p H 6 . M ost cutinase substrate (pnitrophenyl butyrate) hydrolysis activity was in the 30% am m onium sulfate
fraction. Two proteins w ith different esterase activity, designated Q and C 2,
w ere isolated from A. flavus culture filtrates. C 2 had greater PNB hydrolysis
activity than did Q . The molecular weights for Ci and C 2 w ere 36 kD and
22-23 kD, respectively. Kernels pre-treated w ith bacterial cutinase or 30%
am m onium sulfate fraction from A. flavus culture filtrate resulted in
increased levels of aflatoxin production sim ilar to those in w ounded
kernels. The cutinase activity was strongly inhibited by diisopropyl
fluorophosphate (DFP), a specific inhibitor of fungal cutinase, which
indicated that A. flavus cutinase is a serine esterase. A dding DFP to the
spore suspension reduced aflatoxin production in w ounded kernels of GTMAS:gk and in both w ounded and intact kernels of Pioneer 3154. These
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d ata dem onstrate that A. flavus secretes extracellular cutinase w hen
grow ing on cutin-containing m edium and suggest a role for cutinase in
pathogenicity of A. flavus for establishm ent of infection in the field.
GT-MAS:gk had significantly m ore wax on the kernel surface than
did Pioneer 3154,

ORO

188, and Deltapine G-4666. W hen wax w as mixed

w ith A & M m edium and then autoclaved, only wax derived from

ORO

188

show ed antifungal action. W hen wax w as dissolved in chloroform or
acetone and m ixed w ith autoclaved A & M m edium , only GT-MAS:gk
show ed antifungal activity. Thin layer chrom atography revealed a band
unique to GT-MAS:gk at

Rf

0.28, 0.81, and 0.4

R

in benzene:chloroform,

chloroform :ethyl acetate, and m ethylene chloride, respectively. This band,
referred to as P4, was absent in Pioneer 3154, Deltapine G-4666, and

ORO

188,

and m ay be a triterpenoid.
Gas chrom atography show ed two peaks w ith retention times longer
than 20 m in that w ere unique to GT-MAS:gk. P4 from GT-MAS:gk resulted
in one single peak on gas chrom atography w ith retention tim e about 25.2
min. A peak w ith retention time about 22.5 m in on GT-MAS:gk gas
chrom atography had a MS m /z of about 430 which is similar to the
m olecular w eight of lupeol and am yrin (triterpenoids), and the P4 peak had
a MS m /z of about 220, which is close to half of MS m /z 430 using gas
chrom atography-m ass spectrom etry analysis. The com pound in peak of P4
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MS m ay be the building block of the com pound in the peak of GT-MAS:gk
w ith retention time of 22.5 and m /z of 430.
The studies reported herein exam ined the m echanism s of resistance
in GT-MAS:gk and also raised several questions that need to be answered.
Concerning pericarp as a physical barrier for fungal infection, GT-MAS:gk
had m ore kernel surface wax and a thicker pericarp than susceptible Pioneer
3154, and interestingly had a specific wax com pound that was absent in other
m aize genotypes tested. Furtherm ore, GT-MAS:gk m ay have internal
preform ed chemical com pounds, such as certain antifungal proteins, as a
resistance m echanism that functions to reduce grow th of A. flavus and
resultant aflatoxin accumulation. M ore studies need to be conducted in the
future to investigate the tw o m echanism s, such as identification of unique
antifungal com pounds in kernels, the an tifu n g al/an ti toxigenic m echanism s
of action of the inhibitors, and the molecular genetic basis for production of
the fungal inhibitors. Also further investigation of the function of A, flavus
cutinase in kernel invasion should be carried ou t to gain further insight
into the m olecular basis for the A. flavus-kernel interaction.
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APPENDIX A

Relationship between aflatoxin production and fungal growth by
Aspergillus fla vu s on different com genotypes
The w ounding m ethod was as described in chapter 2 and fungal grow th
rating w as as described in chapter 3. GT-MAS:gk (resistant), hybrid
Deltapine G-4666 (intermediate), and hybrid Pioneer 3154 (susceptible) w ere
selected. These results show ed that GT-MAS:gk supported dram atically
reduced levels of aflatoxin B1 in intact kernels an d endosperm -w ounded
kernels (Fig. A -l and A-2). Deltapine G-4666 supported relative lower
aflatoxin production and fungal grow th in intact kernels. H ow ever, w hen
kernels of GT-MAS:gk w ere w ounded in the embryo, aflatoxin B1 levels
w ere m uch greater than in the susceptible Pioneer 3154 and the
interm ediate Deltapine G-4666 (Fig. A-3). That w ounding em bryo resulted
in the greatest production of aflatoxin m ay suggest th at the resistance m ay be
associated w ith living em bryos in corn kernels. These results provided
o p p ortunity to investigate the m echanism s of resistance present in GTMAS:gk.
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Fig. A-l. Aflatoxin Bi levels in intact kernels and kernels w ounded in
endosperm of GT-MAS:gk, Deltapine G-4666, and Pioneer 3154 inoculated
with Aspergillus flavus.
116

5

m

FUNGAL

GROWTH

1

INTACT
WOUNDED-ENDOSPERM

4

3

2

1

0

EXP. 1

EXP. 2

MAS:gk

EXP. 1

EXP. 2

G -4666

EXP. 1

EXP. 2

PIONEER 3154

Fig. A-2 . Fungal growth on corn kernels of GT-MAS:gk, Deltapine G-4666,
and Pioneer 3154, 7 days after inoculation with Aspergillus flavus:
O=non-visible sporulation; 1=1-20 %; 2=21-40%; 3=41-60%; 4=61-80%;
5=81-100% of the kernel surface covered by visible sporulation.
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Fig. A-3. Aflatoxin production by Aspergillus flavus in intact, or w ounded
in the endosperm or embryo of kernels of GT-MAS:gk, Deltapine G-4666,
and Pioneer 3154
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APPENDIX B

Kernel pericarp and aleurone layer thickness observation
GT-MAS:gk and Pioneer 3154 kernels w ere selected. Kernels w ere cut in
half longitudinally (parallel to the flattened side), and placed in a aqueous
solution (10 ml) containing 1% chromic acid, 10% acetic acid, 37%
form aldehyde, and a drop of Tween 20. After 10 m in vacuum infiltration,
the solution was replaced w ith fresh solution. The kernels w ere then rinsed
in distilled w ater and dehydrated in a series of solutions of 10%, 35%, 50%,
and 75% ethanol, then 100% tertiary butyl alcohol in 30 m in intervals. The
sam ples were then em bedded in TissuePrep 2 (Fisher Scientific, Fair Lawn,
NJ) paraffin. Em bedded kernels were sectioned w ith a rotary m icrotom e at
12 pm and fixed onto glass slides on a slide w arm er and observed under

microscope. GT-MAS:gk kernel pericarp (Fig. B-l) and aleurone layer (Fig.
B-2) w ere thicker than those of Pioneer 3154. The thickness m ay correlate
w ith kernel resistance to A. flavus infection.
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Fig. B-l. Thickness of kernel pericarp: GT-MAS:gk (A) and Pioneer 3154 (B).
400X.
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Fig. B-2. Thickness of kernel aleurone layer: GT-MAS:gk (A) and Pioneer
3154(B). 1000X.
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APPENDIX C
K ernel p rotein extraction and electrophoresis
Protein analyses w ere conducted to exam ine germ inated and non
germ inated kernels of Pioneer 3154 and GT-MAS:gk. Dry kernels (20 g) of
each genotype w ere prepared for each treatm ent. Kernels for germ ination
were incubated under 100% RH as described in Chapter 3. After 3-day
preincubation, kernels w ere inoculated w ith A. flavus or sterilized w ater
and incubated three m ore days. Kernels w ith visible radicals were
considered germ inated. G erm inated and dry kernels w ere ground to a
pow der w ith a prechilled m ortar and pestle. Chilled extraction buffer (84
mM citric acid and 30 mM N a 2H P 4, p H 2.8, w ith 14 mM 2-m ercaptoethanol,
and 6 mM ascorbic acid) was added to the pow der (2 m l/g tissue). Extraction
w as carried out at 4 C for 60 m in w ith slow shaking. The buffer extracts then
were centrifuged (10000 rpm , 15 min, 4 C), and the supernatants saved as
crude extracts. C rude protein extracts were precipitated w ith 5 volum es of
cold acetone (10 m in, -20 C) and the precipitated proteins w ere pelleted by
centrifugation (12000 rpm , 10 min), then dissolved in SDS-PAGE buffer
(0.062 M Tris-HCl, pH 6.8, 2% SDS, 5% 2-m ercaptoethanol, 10% glycerol,
0.002% brom ophenol blue) and boiled for 5 min. Electrophoresis in SDSPAGE w as perform ed using a 10% separating gel w ith 4% stacking gel. Gels
w ere stained for 30 m in in Coomassie brilliant blue and destained
overnight, and then stained w ith silver stain plus kit (Bio-Rad).
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GT-MAS:gk dry kernels had a 23 kDa protein band that w as m ore internal
than that in Pioneer 3154 dry kernels. This band w as induced to a high
concentration in germ inated kernels of Pioneer 3154 (Fig. C -l) (refer to
aflatoxin levels in C hapter 3). Further w ork is needed to identify the kernel
resistance based on protein differences that influence fungal developm ent
and aflatoxin biosynthesis.
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Fig. C -l. SDS-PAGE electrophoresis (10% separating gel w ith 4% stacking
gel). Lane a, molecular w eight markers; lane b, proteins extracted from dry
kernels; lane c, proteins extracted from germ inating kernels inoculated with
Aspergillus flavus; lane d, proteins extracted from germ inating kernels of
GT-MAS:gk (resistant) (A) and Pioneer 3154 (susceptible) (B).
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